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Abstract  
 
 
 
Life on Earth has entered its sixth mass extinction event and humans are to blame. If left 
unchecked, global species loss will compromise the delivery of valuable ecosystem services and 
reduce human well-being, making it one of humanity’s most compelling challenges.  
A growing cause of global species loss is anthropogenic climate change. Efforts to assess and plan 
for climate change impacts on species have largely ignored impacts from more frequent and intense 
extreme weather events (i.e. ‘discrete’ impacts) and impacts that arise from humans responding to 
climate change (i.e. ‘indirect’ impacts). Climate change is likely to become a dominant driver of 
global species loss unless conservation assessment and planning efforts account for the full suite of 
climate change impacts, including discrete and indirect impacts.  
Changes in extreme weather event patterns could present a greater risk to species persistence than 
impacts from changes in climate means (e.g. gradual increases in surface temperature or sea level 
rise). However, limited information about how species respond to extreme weather events limits 
about ability to assess and plan for these discrete impacts of climate change. In chapter 2, I review 
species responses to five types of extreme weather event: drought, flood, cyclones, heat waves and 
cold waves. I discover that extreme events have already caused widespread and severe population 
declines and have altered species assemblages. I also show that previous observational studies tell 
us very little about species’ sensitivity or capacity to adapt to extreme events.  
Both discrete and continuous forms of climate change are forcing human communities to adapt in 
diverse ways. Some human responses to climate change, such as increased water extraction or oil 
exploration in the Arctic, will intensity threats to species of conservation concern. Other human 
responses, including agricultural land abandonment and mangrove restoration, may incur 
environmental benefits in the coming years. In chapter 3, I describe how these indirect impacts of 
climate change can be integrated into climate change vulnerability assessments and adaptation 
plans.  
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Intact and functional ecosystems provide the most effective defence against the full suite of climate 
change impacts on species. Protected areas play a key role in conserving intact ecosystems, but it is 
unclear how different types of protected area governance, and the biophysical and socioeconomic 
factors acting on protected areas, influence their ability to conserve intact ecosystems.  
Using Brazil as a case study, I compare in chapter 4 the relative effectiveness of two protected area 
governance types: those managed by state and national governments (i.e. ‘state-run’) and those 
managed by indigenous and local communities (i.e. ‘indigenous’). I show that 18% of intact forest 
cover inside state-run protected areas would have been lost without protection, while indigenous 
protected areas prevented the loss of 4% of forest cover in the same time period.  
While these measures of effectiveness are encouraging, the ongoing loss of intact ecosystems inside 
protected areas is undermining the last strongholds for species threatened by climate change. In 
chapter 5, I explore how different biophysical and socioeconomic factors influence deforestation 
rates inside tropical protected areas. Control of corruption was critical to successful intact forest 
conservation and, surprisingly, protected forest loss was greater on marginal agricultural land. 
The protection of intact ecosystems can only be used as a climate adaptation strategy where intact 
ecosystems still exist. Species more commonly face the challenge of adapting to climate change in 
multi-use landscapes. Species find it particularly difficult to adapt to altered climate and weather 
patterns in a multi-use landscape unless they have access to climate refugia, which are sites that 
species can retreat to, persist in, and potentially expand from under altered climates.  
In chapter 6, I develop two spatial plans for conserving climate refugia in the Great Dividing Range 
(GDR), a vast production landscape along Australia’s eastern coastline. I discover that a refugia 
plan that prioritises only the retention of high quality habitat in the GDR would deliver equivalent 
ecological benefits for most species, and enhance protection coverage for 95 other species, when 
compared to a plan that also prioritises the restoration of land that is currently used for food and 
forestry production. However, at least 270 species in the GDR rely heavily on ecological restoration 
of agricultural lands to persist under climate change. Land used for native forestry and horticulture, 
in particular, had high proportional overlaps with climate refugia, and will require extra support to 
re-establish native vegetation or transition to biodiversity-friendly farming practices. 
Overall, this thesis explores how emerging climate-related threats to species – extreme weather 
events and human responses to climate change – can be assessed, and evaluates how site-based 
management actions can help species adapt to the full suite of climate change impacts. Persistent 
knowledge gaps that constrain our ability to assess and manage climate-related threats to species 
include having up-to-date information on land use dynamics in agricultural systems and better 
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predictions of how species will respond to dynamic threats. Future research that addresses these 
needs will benefit global efforts to solve the biodiversity crisis. 
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1 Introduction  
Life on Earth has entered a sixth mass extinction event. The current rate of species loss is 100 to 
1,000 times greater than pre-human extinction rates (Barnosky et al. 2011, Ceballos et al. 2015). Up 
to 477 vertebrates have gone extinct in the last 117 years, which would have taken between 800 to 
10,000 years to occur under pre-human rates of species loss (Ceballos et al. 2015). The extinction of 
a species is permanent, and therefore an issue that attracts scientific and public concern (Wilson 
1992, Lawton and May 1995, Watson 2016). An equally problematic issue, however, is the decline 
in size or extent of populations of species that are not formally threatened with extinction (Hughes 
et al. 1997, Ceballos and Ehrlich 2002). Regular degradation of populations drives species toward 
extinction (Courchamp et al. 2006, Fagan and Holmes 2006), which makes the frequent and 
widespread decline of populations observed this century particularly concerning (Luck et al. 2003, 
Ceballos et al. 2010).  
The loss and degradation of biological diversity in natural systems poses immense risks to 
humanity. Financial risks to agriculture, tourism and manufacturing industries stem from the loss of 
provisioning and regulating services that biodiverse natural systems provide, including pollination, 
freshwater purification, carbon sequestration, stabilisation of fisheries yields and reduced disease 
prevalence (Cardinale et al. 2012, Hautier et al. 2017). Human health and wellbeing risks of eroding 
biodiversity include increased exposure to certain zoonotic diseases, including Lyme disease 
(Ostfeld and Keesing 2000), and the disappearance of biotic drugs and natural laboratory models 
that help scientists to understand and treat diseases. There are also moral and aesthetic implications 
of global biodiversity loss, such as precluding the practice of indigenous cultures and land use 
activities that rely on biodiverse ecosystems and bequeathing to future generations a world devoid 
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of nature’s wonders. Despite these immense risks, efforts to halt global species loss is slow, or 
going in the wrong direction (Tittensor et al. 2014). Finding ways to effectively halt global species 
loss is therefore one of humanity’s most compelling challenges (Dirzo and Raven 2003, Daily and 
Matson 2008, Mace et al. 2012, Ehrlich and Ehrlich 2013).  
Human-forced climate change, defined as the impacts of anthropogenic global warming on Earth’s 
natural systems (IPCC 2013), is a growing cause of global species loss (Thomas et al. 2004, Pereira 
et al. 2010, Urban 2015). Fossil fuel use and land use change are elevating atmospheric 
concentrations of greenhouse gases and causing unprecedented rates of global warming. Global 
mean surface temperatures have risen by 0.78 ℃ since 1900, and are projected to increase by 
between 1.6 and 4.3 ℃ by 2100 (IPCC 2013). Global warming causes a series of cascading and 
profound impacts on Earth’s natural systems. For example, rapid warming in Arctic regions is 
thawing permafrost, shrinking glaciers and decreasing sea ice thickness and extent (Vaughan 2013). 
Ocean surface warming is leading to increased coral mortality and bleaching, while also increasing 
primary production at high latitudes (Mauritzen 2013). And throughout forested regions, including 
central and western Africa, increased drought and drying conditions are reducing soil moisture and 
increasing insect pests, leading to increased tree mortality (Smith 2014b).  
Climate change also has profound and unequal impacts on human systems on Earth (McMichael et 
al. 2006, Seto 2014). Drying trends are reducing yields of major cereal crops in many regions across 
Africa, Europe and Australasia (Ciais et al. 2005, Niang , Reisinger 2014). Conversely, some crops 
in eastern Africa and the Arctic are likely to experience longer growing seasons or benefit from 
warming at high elevations (Cook and Vizy 2012, Larsen 2014). Climate change-induced flooding 
events in England and Wales have led to estimated damages of £4 billion and left people without 
clean water for extended periods of time (Kovats 2014). Warming trends have increased herbivory 
rates in crops and forests in East Africa, North America and Europe (Jaramillo et al. 2011, Kovats 
2014, Romero-Lankao 2014), in some instances leading to more frequent and intense wildfires 
(Kurz et al. 2008). Heat stress-related mortality is likely to increase in urban areas throughout the 
tropics (Seto 2014), and increasing sea level rise and storm-wave energy will lead greater coastal 
erosion (Wong 2014). Finally, changing rainfall patterns in Africa may increase transmission of 
diseases, such as malaria and cholera (Smith 2014a). 
 
Continuous and discrete forms of climate change  
The cascading impacts of global warming on natural and human systems emanate from two broad 
forms of climate change: continuous and discrete (IPCC 2014). Continuous climate change alters 
systems gradually over multi-year or decadal time scales. Examples include increases in global 
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surface temperatures, sea level rise, drying trends and ocean acidification (Solomon et al. 2009, 
Hoegh-Guldberg and Bruno 2010). Climate scientists can make relatively robust predictions of how 
an increasingly carbon-rich atmosphere will affect the trajectory of continuous climatic changes 
into the future (Collins 2013). Such predictions form the figurative road species must travel along in 
an altered climate (Chapman et al. 2014; Figure 1.1). 
Discrete forms of climate change alter systems abruptly by increasing the frequency or intensity of 
pulse impact events over seasonal or yearly time-scales. Examples include larger coral bleaching 
events and more frequent and intense extreme weather events (Ummenhofer and Meehl 2017). 
Predicting the timing and location of discrete climate change is very challenging because the 
accuracy of such predictions rely on having highly detailed information about the state of the 
atmosphere at any one time. The chaotic nature of the atmosphere means that even small errors in 
the depiction of atmospheric state typically lead to inaccurate forecasts of discrete climate changes 
beyond a week or so (Kirtman 2013). In this respect, discrete forms of climate change are the 
unexpected ‘bumps in the road’ that species must navigate to ensure their survival (Chapman et al. 
2014; Figure 1.1). 
 
Figure 1.1 Graphical depiction of continuous and discrete impacts of climate change. Continuous 
impacts, represented by the orange line, are the figurative road species must travel along in an 
altered climate. Discrete impacts, represented by the red triangles, become more frequent and 
intense through time and are the bumps in the road species must navigate survive in a rapidly 
changing climate.  
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Direct and indirect impacts of climate change on species 
There is now overwhelming evidence that continuous and discrete forms of climate change are 
impacting species (Parmesan and Yohe 2003, Scheffers et al. 2016). These impacts can be direct or 
indirect. Direct impacts are those that arise from species responding directly to continuous or 
discrete climate changes (Chapman et al. 2014). Discrete impacts typically affect migration 
patterns, life-history processes or geographic ranges (Lawler et al. 2013, Poloczanska et al. 2013, 
Rézouki et al. 2016). For example, some populations of reptiles and amphibians in Madagascar are 
responding to warming conditions by shifting their distributions up mountain ranges (Raxworthy et 
al. 2008). Rising regional temperatures are causing some migratory bird species to arrive at nesting 
grounds earlier than they did historically (Travers et al. 2015). Increased water temperatures are 
reducing survival rates of migratory salmon in western Canada (Oncorhynchus nerka) (Martins et 
al. 2011). And reductions in sea ice extent may cause some populations of ringed seals (Pusa 
hispida) (Hamilton et al. 2015), ivory gulls (Pagophila eburnea) (Gilchrist and Mallory 2005) and 
polar bears (Ursus maritimus) (Regehr et al. 2010) to decline in the Arctic. Direct climate change 
impacts (habitat loss due to erosion and direct mortality from storm surges) also caused the 
extinction of the Bramble Cay melomys (Melomys rubicola) in 2016 (Waller et al. 2017). However, 
the direct impacts of climate change can be positive for some species. For example, grassland 
species endemic to polar regions may benefit from longer growing seasons under climate change 
(Reyes-Fox et al. 2014) and many tropical, warm-adapted species are likely to expand into 
environments previously dominated by cold-tolerant species (Vergés et al. 2014).  
Climate change can also have indirect impacts on species. Indirect impacts arise when human 
responses to climate change interfere with species’ natural adaptive responses that helped them 
persist through past climate changes (Chapman et al. 2014). For example, humans are adapting to 
greater costal erosion by constructing seawalls and other physical barriers, which can reduce water 
quality and block dispersal patterns (Bulleri and Chapman 2010). Drying conditions in tropical 
countries are elevating hunting intensity and logging rates, placing additional exploitation stress on 
some species (Laurance 1998). Reduced sea ice and permafrost in the Arctic is intensifying 
transport, fishing and oil exploration efforts, which will increase the risk of oil spills, marine 
mammal boat strikes and entanglement impacts (Burek et al. 2008, Stephenson et al. 2011). 
Cropping activities will likely intensify in areas where growing seasons will lengthen under climate 
change, leading to increased habitat loss and fragmentation (Segan et al. 2015). But reduced water 
availability in other regions is causing some agricultural lands to be abandoned, which subsequently 
reduces stress on some species (Feng et al. 2010, Ceausu et al. 2015, Middendorp et al. 2016).  
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Quantifying species vulnerability to climate change  
Direct and indirect impacts of climate change are likely to become a dominant driver of species 
declines in the coming decades (Maclean and Wilson 2011, Urban 2015). Up to one in six species 
could become threatened by climate change. Predicted extinction risks are higher in South America 
(25%) and Australia (15%) (Urban 2015). Actions to lesson this influence must be taken now. 
An important first step towards minimising extinction risk from climate change involves assessing 
species’ vulnerability to climate change impacts. Vulnerability’ in this context refers to the extent to 
which a species is predisposed to adverse effects from climate change (Stein et al. 2014). Climate 
change vulnerability assessments have become integral to conservation research (Williams et al. 
2008, Foden et al. 2013, Pacifici et al. 2015). Their application typically involves measuring three 
dimensions of vulnerability (Foden et al. 2013): exposure; sensitivity; and adaptive capacity.  
Exposure is a measure of change in climate (e.g. temperature, wind, precipitation) and climate-
induced environmental impacts (e.g. sea-level rise, ocean acidification) within the area occupied by 
a species (Dawson et al. 2011, Stein et al. 2014). Sensitivity is a measure of how much a species 
will be affected by particular changes in climatic variables (Foden et al. 2013, Pacifici et al. 2015). 
Put together, exposure and sensitivity determine the potential impact of climate change on a 
species. Adaptive capacity is a measure of the ability of a species to cope with climate change, to 
moderate potential damages or to take advantage of opportunities that climate change presents 
(Foden et al. 2013). Species that have high exposure and sensitivity and low adaptive capacity are 
said to be highly vulnerable to climate change. 
The vast majority of climate change vulnerability assessments evaluate impacts from continuous 
forms of climate change. More than three-quarters (77.9%) of assessments between 2000 and 2012 
only considered impacts after 2031, and almost half (49.1%) only considered impacts after 
2051(Chapman et al. 2014). Furthermore, 88.6% of climate change vulnerability assessments 
between 2000 and 2012 focused only on direct impacts of climate change, ignoring the potentially 
significant indirect threats that arise from human responses to climate change (Chapman et al. 
2014).  
A focus on continuous and direct impacts of climate change has improved our overall 
understanding of how a rapidly changing climate is shaping the environment (Scheffers et al. 2016). 
However, it is now widely recognized that discrete climate changes can have greater environmental 
consequences than continuous changes in climate (Gutschick and BassiriRad 2003, Vasseur et al. 
2014, Lawson et al. 2015, Maron et al. 2015, Bailey and van de Pol 2016, Gardner et al. 2017). 
Changes to extreme weather event patterns, in particular, can affect species in dramatic ways. For 
example, cyclones can alter the onset of sexual maturity in turtles (Dodd and Dreslik 2008) and 
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prolonged drought conditions have caused population collapse in koalas (Seabrook et al. 2011). As 
such, there is an apparent need to begin accounting for impacts from extreme weather events in 
climate change vulnerability assessments. Furthermore, as humans continue to adapt to altered 
climates and weather evens, there is an urgent need to start accounting for the associated risks and 
opportunities to species conservation efforts (Brodie et al. 2012, Jones et al. 2012, Tingley et al. 
2014, Watson 2014). 
 
Actions to promote species adaptation to climate change  
Vulnerability to climate change can be reduced through adaptation planning. Adaptation plans 
identify when, where and how conservation actions should be implemented to help species cope 
with direct and indirect impacts from climate change. For example, many adaptation plans aim to 
identify and protect areas that will accommodate shifts in species distributions under  climate change 
(Lawler 2009, Watson et al. 2009, Keppel et al. 2012, Shoo et al. 2013, Di Minin et al. 2017). Other 
plans carry broader aims, such as increasing connectivity between habitats to facilitate species 
dispersal (Nuñez et al. 2013) or increasing landscape heterogeneity to buffer climate change 
impacts (Lawler et al. 2015). It is critical that such plans – often referred to as ‘climate-smart’ 
conservation plans (Stein et al. 2014) - are effective if climate-imperilled species are to avoid 
extinction. 
The prominent recommendation from the climate-smart conservation planning literature is that 
intact ecosystems provide the most effective defence against climate-driven species declines 
(Hoffmann and Sgro 2011, Sgro et al. 2011, Lawler et al. 2015, Martin and Watson 2016). Intact 
ecosystems have very low levels of human impact and consequently retain fully functional 
ecological and evolutionary processes that support species survival (Watson et al. 2009, Kormos et 
al. 2016). Intact ecosystems also help species adapt to altered climates by buffering dramatic 
changes in climate and weather patterns (Martin and Watson 2016) and facilitating long-range 
species dispersal (Lawler et al. 2015). Furthermore, intact ecosystems provide an effective natural 
defence against flooding and storm surge events, which would otherwise devastate human 
communities threatened by climate change (Arkema et al. 2013, Temmerman et al. 2013, Martin 
and Watson 2016).  
Despite their irreplaceable value to climate-imperilled humans and non-human species, intact 
ecosystems are being lost at a rapid rate. One-tenth (3.3 million km2) of global intact ecosystems 
have disappeared in the last two decades (Watson et al. 2016). The loss of intact forest ecosystems 
has been particularly rapid, with a reduction of 919,000 km2 (7.2 % of all intact forest area) 
observed between 2000 and 2013 (Potapov et al. 2017). Tropical and subtropical intact forests have 
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suffered the largest areal losses during this time (Watson et al. 2016, Potapov et al. 2017). Despite 
growing awareness of their value, international efforts to protect intact ecosystems are failing 
(Watson et al. 2016, Potapov et al. 2017).  
Establishing protected areas is a key strategy for conserving the last remaining intact ecosystems on 
Earth (UNEP-WCMC and IUCN 2016). All protected areas limit human activities to some extent, 
but specific management objectives differ among protected area types. Protected areas that are 
managed by state and national governments typically fall into one of six management categories, 
ranging from strict nature and wilderness protection to areas that permit sustainable use of natural 
resources (IUCN and UNEP-WCMC 2016). Protected areas are also established and run by 
indigenous and local communities through customary laws and other effective means (IUCN and 
UNEP-WCMC 2016). Indigenous protected areas primarily aim to conserve traditional cultures and 
land-use practices, but offer potential dual-benefits for environmental values, such as carbon 
storage (Soares-Filho et al. 2010), fire management (Nepstad et al. 2006), biodiversity conservation 
(IUCN and UNEP-WCMC 2016).  
Both state-run and indigenous protected areas play an important role in conserving important areas 
for species adaptation to climate change. It is unclear, however, which governance type retains 
more intact forest cover in the face of deforestation pressure. To date, studies of protected area 
performance have primarily focused on state-run protected areas. With few exceptions (e.g. Liu et 
al. (2001), Clark et al. (2013)), such studies typically show that protected areas are effective at 
repelling deforestation pressure (Geldmann et al. 2013, Green et al. 2013, Spracklen et al. 2015). 
Fewer studies, however, have evaluated the performance of indigenous protected areas (but see 
Nepstad et al. (2006), Chhatre and Agrawal (2009), Carranza et al. (2014), Pfaff et al. (2015)), 
leaving questions about their role in intact forest conservation efforts.  
The protection of intact ecosystems can only be used as a climate adaptation strategy where intact 
ecosystems still exist. Species more commonly face the challenge of adapting to climate change in 
multi-use landscapes. Multi-use landscapes cover up to 75% of the Earth surface (Ellis and 
Ramankutty 2008) and are characterized by mosaics of roads, houses, heavily modified agricultural 
land and remnant native habitat. The mosaicked nature of multi-use landscapes restricts species’ 
ability to track suitable climates (Schloss et al. 2012). Furthermore, human activities in multi-use 
landscapes (e.g. road construction, agricultural expansion) lead to the direct loss of habitat for 
climate-imperilled species (Maron and Fitzsimons 2007, Haddad et al. 2015).  
Promoting climate adaptation in multi-use landscapes therefore requires strategic land restoration 
and protection efforts. To be effective, these efforts need to target climate refugia (Game et al. 
2011). Climate refugia are sites that species can retreat to, persist in and potentially expand from 
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under altered climates (Keppel et al. 2012). Previous studies have used projected shifts in species’ 
distributions under climate change to map potential refugia sites in multi-use landscapes (e.g. 
Lawler et al. (2013), Reside et al. (2017)). However, these studies rarely delineate where land 
restoration or protection will be needed to ensure species have access to refugia. Restoration needs 
across a multi-use landscape are unlikely to be equally shared among different agricultural sectors 
(e.g. forestry, cropping, horticulture). Making these trade-offs transparent will help identify which 
agricultural sectors are most important to engage and support in climate adaptation efforts. 
 
Thesis structure  
This thesis seeks to achieve three things. First, I aim to improve our ability to assess and plan for 
emerging discrete and indirect impacts of climate change on species. Second, I aim to assess how 
effective alternative protected area governance types are at retaining intact forest cover. And third, I 
aim to present a spatial plan for restoring and protecting climate refugia in a multi-use landscape. 
Throughout the thesis (depicted visually in Figure 1.2), I have attempted to select research 
questions that are not only scientifically novel, but also have direct and timely implications for 
conservation planning and policy. 
In chapter 2, I collate published observational studies of species responding to five types of extreme 
weather event (drought, flood, cyclones, heat waves and cold waves). I classify responses from 519 
studies published between 1941 and 2015 into 19 separate categories. Plants and birds were the 
most commonly observed taxa, while cyclones and drought were the most commonly studied 
extreme event. A population decline of >25% was the most commonly documented response to an 
extreme event, followed by a change in species composition. Only 39% of studies tracked 
ecological responses for longer than one year, and the vast majority of studies (78%) did not 
measure species or ecosystem recovery following an extreme event. I also discuss in chapter 2 the 
conceptual challenges associated with incorporating discrete impacts from extreme events into 
climate vulnerability assessments and adaptation plans. 
In chapter 3, I outline how human responses to climate change will present indirect risks and 
opportunities for species conservation in the coming decades. I build upon established assessment 
and planning frameworks (Foden et al. 2013, Stein et al. 2014) to show how it is possible to 
integrate human responses to climate change into vulnerability assessments and adaptation plans for 
imperilled species. Integrating indirect impacts of climate change into assessment and planning 
efforts will require the strengths of social-ecological system models. It will also require expertise 
from other, non-ecological sectors to predict likely human responses to climate change. Addressing 
indirect impacts will require a portfolio of actions that either promote resistance, accommodate 
30 
 
change or identify dual benefits for species and human wellbeing. In chapter 3, I provide an initial 
assessment of the relative risk and feasibility associated with these alternative actions.  
In chapter 4, I assess the influence of protected area governance on intact forest protection. Using 
matching techniques I estimate the amount of deforestation that was avoided between years 2000 
and 2014 in state-run and indigenous protected areas in Brazil. I find that both protected area types 
effectively reduced deforestation. Approximately 18% of forest cover inside state-run protected 
areas would have been lost in the absence of protection, while indigenous protected areas prevented 
the removal of around 4% of forest cover. I further show how these estimates of protected area 
effectiveness were not confounded by deforestation spill over into nearby unprotected areas. 
Chapter 4 provides timely information on protected area effectiveness in a nation where pressure to 
convert intact forests is likely to increase in the near future (Fearnside 2016, Crouzeilles et al. 
2017). 
I chapter 5, I identify drivers of intact forest loss inside tropical protected areas. I quantify 
deforestation rates inside 1,605 protected areas in 35 different countries located in the tropics, then 
parse out the relative importance of biophysical and socioeconomic drivers of deforestation 
operating at different spatial scales. The average rate of forest loss was 3% but ranged from 0 - 
84.8% inside individual protected areas. Protected areas in Cambodia lost the most forest, followed 
by Guatemala, Cote d’Ivoire and Indonesia. A nation’s ability to control corruption was the 
strongest predictor of deforestation rates inside protected areas, and at a local scale, protected areas 
in rugged and marginal agricultural areas also suffered higher rates of deforestation. Chapter 5 
provides new insights into the drivers of intact forest loss that immediately relevant to tropical 
protected area management and establishment efforts. 
While intact ecosystems may be the most effective defence against climate-driven species loss 
(Martin and Watson 2016), climate refugia can help species adapt to climate change in multi-use 
landscapes (Keppel et al. 2012). In chapter 6, I develop a spatial conservation plan for securing 
climate refugia in the Great Dividing Range, a vast multi-use landscape along Australia’s eastern 
coastline. The plan delineates opportunities for immediate retention of refugia, and areas where land 
ecological restoration will be required for sites to successfully house climate-imperilled species. 
Seventy-four per cent of all climate refugia sites not already under formal protection were co-
located with land currently used for agricultural production and hence will require restorative effort. 
Land used for native forestry and horticulture, in particular, had high proportional overlaps with 
climate refugia, and will require extra support to re-establish native vegetation and transition to 
biodiversity-friendly farming practices. Twenty-six per cent of climate refugia sites in the GDR 
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were co-located with minimal use areas or remnant vegetation, and hence are suitable for immediate 
retention efforts.  
In addition to the planning scenario that permits both the retention of high quality habitat and the 
restoration of land currently used for forestry or agriculture (i.e. ‘retention and restoration’), I also 
develop a scenario that permits only the retention of high quality habitat (i.e. ‘retention-only’). This 
allowed me to compare ecological trade-offs associated with adopting either a retention and 
restoration approach or retention-only approach to conserving climate refugia in the GDR. I found 
that a retention-only approach would deliver equivalent ecological benefits for most species, and 
enhance protection coverage for 95 other species, when compared to a retention and restoration 
approach. However, we found that at least 270 species in the GDR rely heavily on ecological 
restoration of agricultural lands to persist under climate change.  
Finally, in chapter 7 I discuss the major conclusions from each chapter and their significance for 
species conservation efforts generally. I then present some of the emergent messages that arise 
when looking at the thesis as a whole, as well as some limitations of the research. Finally, I end 
with suggestions for future research that I believe will help the conservation science community 
overcome persistent knowledge and capacity gaps that constrain progress toward stopping global 
species loss.  
This thesis was developed as a series of individual papers for publication. As such, I use the plural 
‘we’ in Chapters 2 to 6 and the appendices, which is required of multi-authored journal articles and 
also captures the collaborative nature of the research. Also, each chapter is written in a style 
suitable for the journal in which it is published, or intended for publication, so there are slight 
differences in the formatting among chapters. Finally, there is some repetition among chapters in 
their introductions, which is necessary for each chapter to stand on its own. 
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Figure 1.2 Thesis outline with key research themes and chapters highlighted.   
33 
 
References 
Arkema, K. K., G. Guannel, G. Verutes, S. A. Wood, A. Guerry, M. Ruckelshaus, P. Kareiva, M. 
Lacayo, and J. M. Silver. 2013. Coastal habitats shield people and property from sea-level 
rise and storms. Nature Climate Change 3:913-918. 
Bailey, L. D., and M. van de Pol. 2016. Tackling extremes: challenges for ecological and 
evolutionary research on extreme climatic events. Journal of Animal Ecology 85:85-96. 
Barnosky, A. D., N. Matzke, S. Tomiya, G. O. U. Wogan, B. Swartz, T. B. Quental, C. Marshall, J. 
L. McGuire, E. L. Lindsey, K. C. Maguire, B. Mersey, and E. A. Ferrer. 2011. Has the 
Earth's sixth mass extinction already arrived? Nature 471:51-57. 
Brodie, J., E. Post, and W. F. Laurance. 2012. Climate change and tropical biodiversity: a new 
focus. Trends in Ecology & Evolution 27:145-150. 
Bulleri, F., and M. G. Chapman. 2010. The introduction of coastal infrastructure as a driver of 
change in marine environments. Journal of Applied Ecology 47:26-35. 
Burek, K. A., F. Gulland, and T. M. O'Hara. 2008. Effects of climate change on Arctic marine 
mammal health. Ecological Applications 18:S126-S134. 
Cardinale, B. J., J. E. Duffy, A. Gonzalez, D. U. Hooper, C. Perrings, P. Venail, A. Narwani, G. M. 
Mace, D. Tilman, D. A. Wardle, A. P. Kinzig, G. C. Daily, M. Loreau, J. B. Grace, A. 
Larigauderie, D. S. Srivastava, and S. Naeem. 2012. Biodiversity loss and its impact on 
humanity. Nature 486:59-67. 
Carranza, T., A. Balmford, V. Kapos, and A. Manica. 2014. Protected area effectiveness in 
reducing conversion in a rapidly vanishing ecosystem: The Brazilian Cerrado. Conservation 
Letters 7:216-223. 
Ceausu, S., M. Hofmann, L. M. Navarro, S. Carver, P. H. Verburg, and H. M. Pereira. 2015. 
Mapping opportunities and challenges for rewilding in Europe. Conservation Biology 
29:1017-1027. 
Ceballos, G., and P. R. Ehrlich. 2002. Mammal population losses and the extinction crisis. Science 
296:904-907. 
Ceballos, G., P. R. Ehrlich, A. D. Barnosky, A. Garcia, R. M. Pringle, and T. M. Palmer. 2015. 
Accelerated modern human-induced species losses: Entering the sixth mass extinction. 
Science Advances 1: e1400253. 
Ceballos, G., A. García, and P. R. Ehrlich. 2010. The sixth extinction crisis: loss of animal 
populations and species. Journal of Cosmology 8:1821-1831. 
Chapman, S., K. Mustin, A. R. Renwick, D. B. Segan, D. G. Hole, R. G. Pearson, and J. E. M. 
Watson. 2014. Publishing trends on climate change vulnerability in the conservation 
34 
 
literature reveal a predominant focus on direct impacts and long time-scales. Diversity and 
Distributions 20:1221-1228. 
Chhatre, A., and A. Agrawal. 2009. Trade-offs and synergies between carbon storage and livelihood 
benefits from forest commons. Proceedings of the National Academy of Sciences 
106:17667-17670. 
Ciais, P., M. Reichstein, N. Viovy, A. Granier, J. Ogée, V. Allard, M. Aubinet, N. Buchmann, C. 
Bernhofer, and A. Carrara. 2005. Europe-wide reduction in primary productivity caused by 
the heat and drought in 2003. Nature 437:529–533  
Clark, N. E., E. H. Boakes, P. J. McGowan, G. M. Mace, and R. A. Fuller. 2013. Protected areas in 
South Asia have not prevented habitat loss: a study using historical models of land-use 
change. Plos One 8:e65298. 
Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao, W.J. 
Gutowski, T. Johns, G. Krinner, M. Shongwe, C. Tebaldi, A.J. Weaver and M. Wehner. 
2013. Long-term Climate Change: Projections, Commitments and Irreversibility in T. F. 
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. 
Bex and P.M. Midgley, editor. Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom and 
New York, NY, USA. 
Cook, K. H., and E. K. Vizy. 2012. Impact of climate change on mid-twenty-first century growing 
seasons in Africa. Climate Dynamics 39:2937-2955. 
Courchamp, F., E. Angulo, P. Rivalan, R. J. Hall, L. Signoret, L. Bull, and Y. Meinard. 2006. 
Rarity value and species extinction: The anthropogenic Allee effect. Plos Biology 4:2405-
2410. 
Crouzeilles, R., R. Feltran-Barbieri, M. S. Ferreira, and B. B. Strassburg. 2017. Hard times for the 
Brazilian environment. Nature Ecology & Evolution 1:1213. 
Daily, G. C., and P. A. Matson. 2008. Ecosystem services: from theory to implementation. 
Proceedings of the National Academy of Sciences 105:9455-9456. 
Dawson, T. P., S. T. Jackson, J. I. House, I. C. Prentice, and G. M. Mace. 2011. Beyond 
predictions: biodiversity conservation in a changing climate. Science 332:53-58. 
Di Minin, E., A. Soutullo, L. Bartesaghi, M. Rios, M. N. Szephegyi, and A. Moilanen. 2017. 
Integrating biodiversity, ecosystem services and socio-economic data to identify priority 
areas and landowners for conservation actions at the national scale. Biological Conservation 
206:56-64. 
35 
 
Dirzo, R., and P. H. Raven. 2003. Global state of biodiversity and loss. Annual Review of 
Environment and Resources 28:137-167. 
Dodd, C. K., and M. J. Dreslik. 2008. Habitat disturbances differentially affect individual growth 
rates in a long-lived turtle. Journal of Zoology 275:18-25. 
Ehrlich, P. R., and A. H. Ehrlich. 2013. Can a collapse of global civilization be avoided? 
Proceedings of the Royal Society B-Biological Sciences 280:20122845. 
Ellis, E. C., and N. Ramankutty. 2008. Putting people in the map: anthropogenic biomes of the 
world. Frontiers in Ecology and the Environment 6:439-447. 
Fagan, W. F., and E. E. Holmes. 2006. Quantifying the extinction vortex. Ecology Letters 9:51-60. 
Fearnside, P. M. 2016. Brazilian politics threaten environmental policies. Science 353:746-748. 
Feng, S., A. B. Krueger, and M. Oppenheimer. 2010. Linkages among climate change, crop yields 
and Mexico–US cross-border migration. Proceedings of the National Academy of Sciences 
107:14257-14262. 
Foden, W. B., S. H. M. Butchart, S. N. Stuart, J. C. Vie, H. R. Akcakaya, A. Angulo, L. M. 
DeVantier, A. Gutsche, E. Turak, L. Cao, S. D. Donner, V. Katariya, R. Bernard, R. A. 
Holland, A. F. Hughes, S. E. O'Hanlon, S. T. Garnett, C. H. Sekercioglu, and G. M. Mace. 
2013. Identifying the World's Most Climate Change Vulnerable Species: A Systematic 
Trait-Based Assessment of all Birds, Amphibians and Corals. Plos One 8:e6542. 
Game, E. T., G. Lipsett-Moore, E. Saxon, N. Peterson, and S. Sheppard. 2011. Incorporating 
climate change adaptation into national conservation assessments. Global Change Biology 
17:3150-3160. 
Gardner, J. L., E. Rowley, P. de Rebeira, A. de Rebeira, and L. Brouwer. 2017. Effects of extreme 
weather on two sympatric Australian passerine bird species. Philosophical Transactions of 
the Royal Society B-Biological Sciences 372:20160148. 
Geldmann, J., M. Barnes, L. Coad, I. D. Craigie, M. Hockings, and N. D. Burgess. 2013. 
Effectiveness of terrestrial protected areas in reducing habitat loss and population declines. 
Biological Conservation 161:230-238. 
Gilchrist, H. G., and M. L. Mallory. 2005. Declines in abundance and distribution of the ivory gull 
(Pagophila eburnea) in Arctic Canada. Biological Conservation 121:303-309. 
Green, J. M. H., C. Larrosa, N. D. Burgess, A. Balmford, A. Johnston, B. P. Mbilinyi, P. J. Platts, 
and L. Coad. 2013. Deforestation in an African biodiversity hotspot: Extent, variation and 
the effectiveness of protected areas. Biological Conservation 164:62-72. 
Gutschick, V. P., and H. BassiriRad. 2003. Extreme events as shaping physiology, ecology, and 
evolution of plants: toward a unified definition and evaluation of their consequences. New 
Phytologist 160:21-42. 
36 
 
Haddad, N. M., L. A. Brudvig, J. Clobert, K. F. Davies, A. Gonzalez, R. D. Holt, T. E. Lovejoy, J. 
O. Sexton, M. P. Austin, and C. D. Collins. 2015. Habitat fragmentation and its lasting 
impact on Earth’s ecosystems. Science Advances 1:e1500052. 
Hamilton, C. D., C. Lydersen, R. A. Ims, and K. M. Kovacs. 2015. Predictions replaced by facts: a 
keystone species' behavioural responses to declining arctic sea-ice. Biology Letters 
11:20150803. 
Hautier, Y., F. Isbell, E. T. Borer, E. W. Seabloom, W. S. Harpole, E. M. Lind, A. S. MacDougall, 
C. J. Stevens, P. B. Adler, and J. Alberti. 2017. Local loss and spatial homogenization of 
plant diversity reduce ecosystem multifunctionality. Nature Ecology & Evolution:1. 
Hoegh-Guldberg, O., and J. F. Bruno. 2010. The Impact of Climate Change on the World's Marine 
Ecosystems. Science 328:1523-1528. 
Hoffmann, A. A., and C. M. Sgro. 2011. Climate change and evolutionary adaptation. Nature 
470:479-485. 
Hughes, J. B., G. C. Daily, and P. R. Ehrlich. 1997. Population diversity: Its extent and extinction. 
Science 278:689-692. 
IPCC. 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge, United Kingdom and New York, NY, USA. 
IPCC. 2014. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and 
Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New York, 
NY, USA. 
IUCN, and UNEP-WCMC. 2016. Protected Planet Report 2016. Cambridge UK and Gland, 
Switzerland. 
Jaramillo, J., E. Muchugu, F. E. Vega, A. Davis, C. Borgemeister, and A. Chabi-Olaye. 2011. Some 
like it hot: the influence and implications of climate change on coffee berry borer 
(Hypothenemus hampei) and coffee production in East Africa. Plos One 6:e24528. 
Jones, H. P., D. G. Hole, and E. S. Zavaleta. 2012. Harnessing nature to help people adapt to 
climate change. Nature Climate Change 2:504-509. 
Keppel, G., K. P. Van Niel, G. W. Wardell-Johnson, C. J. Yates, M. Byrne, L. Mucina, A. G. T. 
Schut, S. D. Hopper, and S. E. Franklin. 2012. Refugia: identifying and understanding safe 
havens for biodiversity under climate change. Global Ecology and Biogeography 21:393-
404. 
Kirtman, B., S.B. Power, J.A. Adedoyin, G.J. Boer, R. Bojariu, I. Camilloni, F.J. Doblas-Reyes, 
A.M. Fiore, M. Kimoto, G.A. Meehl, M. Prather, A. Sarr, C. Schär, R. Sutton, G.J. van 
37 
 
Oldenborgh, G. Vecchi and H.J. Wang. 2013. Near-term Climate Change: Projections and 
Predictability in T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, 
A. Nauels, Y. Xia, V. Bex and P.M. Midgley, editor. Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA. 
Kormos, C. F., B. Bertzky, T. Jaeger, Y. Shi, T. Badman, J. A. Hilty, B. G. Mackey, R. A. 
Mittermeier, H. Locke, and E. Osipova. 2016. A wilderness approach under the world 
heritage convention. Conservation Letters 9:228-235. 
Kovats, R. S., R. Valentini, L.M. Bouwer, E. Georgopoulou, D. Jacob, E. Martin, M. Rounsevell, 
and J.F. Soussana. 2014. Europe in V. R. Barros, C.B. Field, D.J. Dokken, M.D. 
Mastrandrea, K.J. Mach, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. 
Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White, editor. 
Climate Chnage 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. 
Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom and 
New York, NY, USA. 
Kurz, W. A., C. C. Dymond, G. Stinson, G. J. Rampley, E. T. Neilson, A. L. Carroll, T. Ebata, and 
L. Safranyik. 2008. Mountain pine beetle and forest carbon feedback to climate change. 
Nature 452:987-990. 
Larsen, J. N., O.A. Anisimov, A. Constable, A.B. Hollowed, N. Maynard, P. Prestrud, T.D. Prowse, 
and J.M.R. Stone. 2014. Polar regions in V. R. Barros, C.B. Field, D.J. Dokken, M.D. 
Mastrandrea, K.J. Mach, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. 
Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White, editor. 
Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. 
Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom and 
New York, NY, USA. 
Laurance, W. F. 1998. A crisis in the making: responses of Amazonian forests to land use and 
climate change. Trends in Ecology & Evolution 13:411-415. 
Lawler, J. J. 2009. Climate change adaptation strategies for resource management and conservation 
planning. Annals of the New York Academy of Sciences 1162:79-98. 
Lawler, J. J., D. D. Ackerly, C. M. Albano, M. G. Anderson, S. Z. Dobrowski, J. L. Gill, N. E. 
Heller, R. L. Pressey, E. W. Sanderson, and S. B. Weiss. 2015. The theory behind, and the 
38 
 
challenges of, conserving nature's stage in a time of rapid change. Conservation Biology 
29:618-629. 
Lawler, J. J., A. S. Ruesch, J. D. Olden, and B. H. McRae. 2013. Projected climate-driven faunal 
movement routes. Ecology Letters 16:1014-1022. 
Lawson, C. R., Y. Vindenes, L. Bailey, and M. van de Pol. 2015. Environmental variation and 
population responses to global change. Ecology Letters 18:724-736. 
Lawton, J. H., and R. M. May. 1995. Extinction Rates Oxford University Press, Oxford, UK  
Liu, J. G., M. Linderman, Z. Y. Ouyang, L. An, J. Yang, and H. M. Zhang. 2001. Ecological 
degradation in protected areas: The case of Wolong Nature Reserve for giant pandas. 
Science 292:98-101. 
Luck, G. W., G. C. Daily, and P. R. Ehrlich. 2003. Population diversity and ecosystem services. 
Trends in Ecology & Evolution 18:331-336. 
Mace, G. M., K. Norris, and A. H. Fitter. 2012. Biodiversity and ecosystem services: a multilayered 
relationship. Trends in Ecology & Evolution 27:19-26. 
Maclean, I. M., and R. J. Wilson. 2011. Recent ecological responses to climate change support 
predictions of high extinction risk. Proceedings of the National Academy of Sciences 
108:12337-12342. 
Maron, M., and J. A. Fitzsimons. 2007. Agricultural intensification and loss of matrix habitat over 
23 years in the West Wimmera, south-eastern Australia. Biological Conservation 135:587-
593. 
Maron, M., C. A. McAlpine, J. E. M. Watson, S. Maxwell, and P. Barnard. 2015. Climate-induced 
resource bottlenecks exacerbate species vulnerability: a review. Diversity and Distributions 
21:731-743. 
Martin, T. G., and J. E. M. Watson. 2016. Intact ecosystems provide best defence against climate 
change. Nature Climate Change 6:122-124. 
Martins, E. G., S. G. Hinch, D. A. Patterson, M. J. Hague, S. J. Cooke, K. M. Miller, M. F. 
Lapointe, K. K. English, and A. P. Farrell. 2011. Effects of river temperature and climate 
warming on stock‐specific survival of adult migrating Fraser River sockeye salmon 
(Oncorhynchus nerka). Global Change Biology 17:99-114. 
Mauritzen, C., D. Roemmich, L.D. Talley and F. Wang. 2013. Observations: Ocean in T. F. 
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. 
Bex and P.M. Midgley, editor. Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom and 
New York, NY, USA. 
39 
 
McMichael, A. J., R. E. Woodruff, and S. Hales. 2006. Climate change and human health: present 
and future risks. Lancet 367:859-869. 
Middendorp, R. S., A. J. Perez, A. Molina, and E. F. Lambin. 2016. The potential to restore native 
woody plant richness and composition in a reforesting landscape: a modeling approach in 
the Ecuadorian Andes. Landscape Ecology 31:1581-1599. 
Nepstad, D., S. Schwartzman, B. Bamberger, M. Santilli, D. Ray, P. Schlesinger, P. Lefebvre, A. 
Alencar, E. Prinz, G. Fiske, and A. Rolla. 2006. Inhibition of Amazon deforestation and fire 
by parks and indigenous lands. Conservation Biology 20:65-73. 
Niang, I., O.C. Ruppel, M.A. Abdrabo, A. Essel, C. Lennard, J. Padgham, and P. Urquhart. 2014. 
Africa in V. R. Barros, C.B. Field, D.J. Dokken, M.D. Mastrandrea, K.J. Mach, T.E. Bilir, 
M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. 
MacCracken, P.R. Mastrandrea, and L.L. White, editor. Climate Change 2014: Impacts, 
Adaptation, and Vulnerability. Part B: Regional Aspects. Contribution of Working Group II 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 
Nuñez, T. A., J. J. Lawler, B. H. McRae, D. PIERCE, M. B. Krosby, D. M. Kavanagh, P. H. 
Singleton, and J. J. Tewksbury. 2013. Connectivity planning to address climate change. 
Conservation Biology 27:407-416. 
Ostfeld, R. S., and F. Keesing. 2000. Biodiversity and disease risk: The case of lyme disease. 
Conservation Biology 14:722-728. 
Pacifici, M., W. B. Foden, P. Visconti, J. E. Watson, S. H. Butchart, K. M. Kovacs, B. R. Scheffers, 
D. G. Hole, T. G. Martin, and H. R. Akcakaya. 2015. Assessing species vulnerability to 
climate change. Nature Climate Change 5:215-225. 
Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change impacts across 
natural systems. Nature 421:37-42. 
Pereira, H. M., P. W. Leadley, V. Proença, R. Alkemade, J. P. Scharlemann, J. F. Fernandez-
Manjarrés, M. B. Araújo, P. Balvanera, R. Biggs, and W. W. Cheung. 2010. Scenarios for 
global biodiversity in the 21st century. Science 330:1496-1501. 
Pfaff, A., J. Robalino, C. Sandoval, and D. Herrera. 2015. Protected area types, strategies and 
impacts in Brazil's Amazon: public protected area strategies do not yield a consistent 
ranking of protected area types by impact. Philosophical Transactions of the Royal Society 
B-Biological Sciences 370. 
Poloczanska, E. S., C. J. Brown, W. J. Sydeman, W. Kiessling, D. S. Schoeman, P. J. Moore, K. 
Brander, J. F. Bruno, L. B. Buckley, and M. T. Burrows. 2013. Global imprint of climate 
change on marine life. Nature Climate Change 3:919-925. 
40 
 
Potapov, P., M. C. Hansen, L. Laestadius, S. Turubanova, A. Yaroshenko, C. Thies, W. Smith, I. 
Zhuravleva, A. Komarova, and S. Minnemeyer. 2017. The last frontiers of wilderness: 
Tracking loss of intact forest landscapes from 2000 to 2013. Science Advances 3:e1600821. 
Raxworthy, C. J., R. G. Pearson, N. Rabibisoa, A. M. Rakotondrazafy, J. Ramanamanjato, A. P. 
Raselimanana, S. Wu, R. A. Nussbaum, and D. A. Stone. 2008. Extinction vulnerability of 
tropical montane endemism from warming and upslope displacement: a preliminary 
appraisal for the highest massif in Madagascar. Global Change Biology 14:1703-1720. 
Regehr, E. V., N. J. Lunn, S. C. Amstrup, and I. Stirling. 2007. Effects of earlier sea ice breakup on 
survival and population size of polar bears in western Hudson Bay. The Journal of Wildlife 
Management 71:2673-2683 
Reisinger, A., R.L. Kitching, F. Chiew, L. Hughes, P.C.D. Newton, S.S. Schuster, A. Tait, and P. 
Whetton. 2014. Australasia in V. R. Barros, C.B. Field, D.J. Dokken, M.D. Mastrandrea, 
K.J. Mach, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. 
Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White, editor. Climate 
Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. 
Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom and 
New York, NY, USA. 
Reside, A. E., J. VanDerWal, and C. Moran. 2017. Trade-offs in carbon storage and biodiversity 
conservation under climate change reveal risk to endemic species. Biological Conservation 
207:9-16. 
Reyes-Fox, M., H. Steltzer, M. J. Trlica, G. S. McMaster, A. A. Andales, D. R. LeCain, and J. A. 
Morgan. 2014. Elevated CO2 further lengthens growing season under warming conditions. 
Nature 510:259-262. 
Rézouki, C., M. Tafani, A. Cohas, A. Loison, J. M. Gaillard, D. Allainé, and C. Bonenfant. 2016. 
Socially mediated effects of climate change decrease survival of hibernating Alpine 
marmots. Journal of Animal Ecology 85:761-773. 
Romero-Lankao, P., J.B. Smith, D.J. Davidson, N.S. Diffenbaugh, P.L. Kinney, P. Kirshen, P. 
Kovacs, and L. Villers Ruiz. 2014. North America in V. R. Barros, C.B. Field, D.J. Dokken, 
M.D. Mastrandrea, K.J. Mach, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. 
Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. 
White, editor. Climate Chnage 2014: Impacts, Adaptation, and Vulnerability. Part B: 
Regional Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA. 
41 
 
Scheffers, B. R., L. De Meester, T. C. L. Bridge, A. A. Hoffmann, J. M. Pandolfi, R. T. Corlett, S. 
H. M. Butchart, P. Pearce-Kelly, K. M. Kovacs, D. Dudgeon, M. Pacifici, C. Rondinini, W. 
B. Foden, T. G. Martin, C. Mora, D. Bickford, and J. E. M. Watson. 2016. The broad 
footprint of climate change from genes to biomes to people. Science 354:719-731. 
Schloss, C. A., T. A. Nunez, and J. J. Lawler. 2012. Dispersal will limit ability of mammals to track 
climate change in the Western Hemisphere. Proceedings of the National Academy of 
Sciences of the United States of America 109:8606-8611. 
Seabrook, L., C. McAlpine, G. Baxter, J. Rhodes, A. Bradley, and D. Lunney. 2011. Drought-
driven change in wildlife distribution and numbers: a case study of koalas in south west 
Queensland. Wildlife Research 38:509-524. 
Segan, D. B., D. G. Hole, C. I. Donatti, C. Zganjar, S. Martin, S. H. Butchart, and J. E. Watson. 
2015. Considering the impact of climate change on human communities significantly alters 
the outcome of species and site‐based vulnerability assessments. Diversity and Distributions 
21:1101-1111. 
Seto, K. C., S. Dhakal, A. Bigio, H. Blanco, G. C. Delgado, D. Dewar, L. Huang, A. Inaba, A. 
Kansal, S. Lwasa, J. E. McMahon, D. B. Müller, J. Murakami, H. Nagendra, and A. 
Ramaswami. 2014. Human Settlements, Infrastructure and Spatial Planning in O. 
Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. 
Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer, C. von 
Stechow, T. Zwickel and J.C. Minx, editor. Climate Change 2014: Mitigation of Climate 
Change. Contribution of Working Group III to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA. 
Sgro, C. M., A. J. Lowe, and A. A. Hoffmann. 2011. Building evolutionary resilience for 
conserving biodiversity under climate change. Evolutionary Applications 4:326-337. 
Shoo, L. P., A. A. Hoffmann, S. Garnett, R. L. Pressey, Y. M. Williams, M. Taylor, L. Falconi, C. 
J. Yates, J. K. Scott, and D. Alagador. 2013. Making decisions to conserve species under 
climate change. Climatic Change 119:239-246. 
Smith, K. R., A. Woodward, D. Campbell-Lendrum, D.D. Chadee, Y. Honda, Q. Liu, J.M. Olwoch, 
B. Revich, and R. Sauerborn. 2014a. Human health: impacts, adaptation, and co-benefits. 
Climate Change 2014: Impacts, Adaptation, and Vulnerability in C. B. Field, V.R. Barros, 
D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. 
Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, 
and L.L. White, editor. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part 
A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment 
42 
 
Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 
Smith, P., M. Bustamante, H. Ahammad, H. Clark, H. Dong, E. A. Elsiddig, H. Haberl, R. Harper, 
J. House, M. Jafari, O. Masera, C. Mbow, N. H. Ravindranath, C. W. Rice, C. Robledo 
Abad, A. Romanovskaya, F. Sperling, and F. Tubiello. 2014b. Agriculture, Forestry and 
Other Land Use (AFOLU) in O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. 
Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. 
Savolainen, S. Schlömer, C. von Stechow, T. Zwickel and J.C. Minx, editor. Climate 
Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA. 
Soares-Filho, B., P. Moutinho, D. Nepstad, A. Anderson, H. Rodrigues, R. Garcia, L. Dietzsch, F. 
Merry, M. Bowman, L. Hissa, R. Silvestrini, and C. Maretti. 2010. Role of Brazilian 
Amazon protected areas in climate change mitigation. Proceedings of the National Academy 
of Sciences of the United States of America 107:10821-10826. 
Solomon, S., G. K. Plattner, R. Knutti, and P. Friedlingstein. 2009. Irreversible climate change due 
to carbon dioxide emissions. Proceedings of the National Academy of Sciences of the 
United States of America 106:1704-1709. 
Spracklen, B. D., M. Kalamandeen, D. Galbraith, E. Gloor, and D. V. Spracklen. 2015. A global 
analysis of deforestation in moist tropical forest protected areas. Plos One 10:1-16. 
Stein, B. A., P. Glick, N. Edelson, and A. Staudt. 2014. Climate-Smart Conservation: Putting 
Adaptation Principles into Practice. National Wildlife Federation, Washington, D.C. 
Stephenson, S. R., L. C. Smith, and J. A. Agnew. 2011. Divergent long-term trajectories of human 
access to the Arctic. Nature Climate Change 1:156-160. 
Temmerman, S., P. Meire, T. J. Bouma, P. M. Herman, T. Ysebaert, and H. J. De Vriend. 2013. 
Ecosystem-based coastal defence in the face of global change. Nature 504:79-83. 
Thomas, C. D., A. Cameron, R. E. Green, M. Bakkenes, L. J. Beaumont, Y. C. Collingham, B. F. 
Erasmus, M. F. De Siqueira, A. Grainger, and L. Hannah. 2004. Extinction risk from climate 
change. Nature 427:145-148. 
Tingley, M. W., E. S. Darling, and D. S. Wilcove. 2014. Fine‐and coarse‐filter conservation 
strategies in a time of climate change. Annals of the New York Academy of Sciences 
1322:92-109. 
Tittensor, D. P., M. Walpole, S. L. Hill, D. G. Boyce, G. L. Britten, N. D. Burgess, S. H. Butchart, 
P. W. Leadley, E. C. Regan, and R. Alkemade. 2014. A mid-term analysis of progress 
toward international biodiversity targets. Science 346:241-244. 
43 
 
Travers, S. E., B. Marquardt, N. J. Zerr, J. B. Finch, M. J. Boche, R. Wilk, and S. C. Burdick. 2015. 
Climate change and shifting arrival date of migratory birds over a century in the northern 
Great Plains. The Wilson Journal of Ornithology 127:43-51. 
Ummenhofer, C. C., and G. A. Meehl. 2017. Extreme weather and climate events with ecological 
relevance: a review. Philosophical Transactions of the Royal Society B-Biological Sciences 
372:20160135. 
UNEP-WCMC, and IUCN. 2016. World Database on Protected Areas (WDPA) [On-line]. UNEP-
WCMC, Cambridge, UK  
Urban, M. C. 2015. Accelerating extinction risk from climate change. Science 348:571-573. 
Vasseur, D. A., J. P. DeLong, B. Gilbert, H. S. Greig, C. D. G. Harley, K. S. McCann, V. Savage, 
T. D. Tunney, and M. I. O'Connor. 2014. Increased temperature variation poses a greater 
risk to species than climate warming. Proceedings of the Royal Society B-Biological 
Sciences 281:20132612. 
Vaughan, D. G., J.C. Comiso, I. Allison, J. Carrasco, G. Kaser, R. Kwok, P. Mote, T. Murray, F. 
Paul, J. Ren, E. Rignot, O. Solomina, K. Steffen and T. Zhang. 2013. Observations: 
Cryosphere in T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. 
Nauels, Y. Xia, V. Bex and P.M. Midgley, editor. Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA. 
Vergés, A., P. D. Steinberg, M. E. Hay, A. G. Poore, A. H. Campbell, E. Ballesteros, K. L. Heck, 
D. J. Booth, M. A. Coleman, and D. A. Feary. 2014. The tropicalization of temperate marine 
ecosystems: climate-mediated changes in herbivory and community phase shifts. 
Proceedings of the Royal Society B-Biological Sciences 281:20140846. 
Waller, N. L., I. C. Gynther, A. B. Freeman, T. H. Lavery, and L. K.-P. Leung. 2017. The Bramble 
Cay melomys Melomys rubicola (Rodentia: Muridae): a first mammalian extinction caused 
by human-induced climate change? Wildlife Research 44:9-21. 
Watson, J. 2016. Bring climate change back from the future. Nature 534:437-437. 
Watson, J. E. 2014. Human responses to climate change will seriously impact biodiversity 
conservation: it's time we start planning for them. Conservation Letters 7:1-2. 
Watson, J. E. M., R. A. Fuller, A. W. T. Watson, B. G. Mackey, K. A. Wilson, H. S. Grantham, M. 
Turner, C. J. Klein, J. Carwardine, L. N. Joseph, and H. P. Possingham. 2009. Wilderness 
and future conservation priorities in Australia. Diversity and Distributions 15:1028-1036. 
44 
 
Watson, J. E. M., D. F. Shanahan, M. Di Marco, J. Allan, W. F. Laurance, E. W. Sanderson, B. 
Mackey, and O. Venter. 2016. Catastrophic Declines in Wilderness Areas Undermine 
Global Environment Targets. Current Biology 26:2929-2934. 
Williams, S. E., L. P. Shoo, J. L. Isaac, A. A. Hoffmann, and G. Langham. 2008. Towards an 
integrated framework for assessing the vulnerability of species to climate change. Plos 
Biology 6:e325. 
Wilson, E. O. 1992. The Diversity of Life. Harvard University Press, Cambridge, MA. 
Wong, P. P., I.J. Losada, J.-P. Gattuso, J. Hinkel, A. Khattabi, K.L. McInnes, Y. Saito, and A. 
Sallenger. 2014. Coastal systems and low-lying areas in C. B. Field, V.R. Barros, D.J. 
Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, 
R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. 
White, editor. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global 
and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
45 
 
 
 
 
 
 
 
 
 
 
2 Conservation implications of ecological responses to 
extreme weather and climate events 
 
In press at Diversity and Distributions  
 
 
Abstract  
Many conservation efforts now focus on mitigating biodiversity loss due to climate change. While a 
focus on impacts from mean, long-term changes in climate is warranted, the vast majority of 
conservation plans largely ignore another key factor of climate change - changes in the frequency 
and intensity of extreme weather and climate events. A typology of the full range and severity of 
ecological responses to extreme events would help underpin tracking of their impacts. Here we 
review 519 observational studies of ecological responses to extreme events between 1941 and 2015. 
We include responses from amphibians, birds, fish, invertebrates, mammals, plants and reptiles to 
cyclones, drought, flood, cold waves and heat waves. Negative ecological responses were the most 
commonly reported, accounting for 57% of all documented responses. There were over 100 cases of 
a >25% population decline and 31 cases of local extirpation. Sixty per cent of the studies in our 
review observed ecological responses for more than one year, and of the studies that monitored 
species or ecosystem recovery following exposure to an extreme event, 38% showed species or 
ecosystems did not recover to pre-disturbance levels. Extreme weather and climate events have 
profound implications for threatened species and ecosystem management. We discuss current 
conceptual challenges associated with incorporating extreme events into conservation planning 
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efforts, which include how to quantify species sensitivity and adaptive capacity to extreme events, 
how to account for interactions between extreme events and other stressors, and how to maximise 
adaptive capacity to more frequent and intense extreme events. 
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Introduction 
Understanding what makes species and ecosystems vulnerable to climate change has become 
integral to the field of conservation science. To date, climate change vulnerability assessments have 
predominantly focused on how species and ecosystems will respond to mean, long-term changes in 
climate (Chapman et al., 2014; Jones, Watson, Possingham, & Klein, 2016), including regional 
warming (van Gils et al., 2016), seasonal shifts (Asch, 2015) and sea level rise (Runting, Wilson, & 
Rhodes, 2013). This focus has improved our overall understanding of how climate change is 
shaping the environment (Scheffers et al., 2016) but has left many conservation plans unprepared 
for changes in the frequency and distribution of extreme weather and climate events (Chapman et 
al., 2014; Jones et al., 2016). Moreover, it is increasingly recognised that changes in climate 
extremes can have greater environmental consequences than changes in climate means (Bailey & 
van de Pol, 2016; Gutschick & BassiriRad, 2003; Harris et al., 2018; Maron, McAlpine, Watson, 
Maxwell, & Barnard, 2015; Vasseur et al., 2014).   
Extreme weather and climate events (weather or climate events that are rare within their statistical 
reference distributions at a particular place (IPCC, 2014); herein ‘extreme events’), such as 
cyclones, floods, heat waves and drought, have become more frequent and intense in many regions 
of the world as a consequence of anthropogenic climate change (Seneviratne et al., 2012; 
Ummenhofer & Meehl, 2017). This pattern is likely to accelerate. For example, increases in daily 
temperature and precipitation extremes are likely to continue, more extreme rainfall is expected in 
southern Africa, increased drought intensity is expected in central America, north-east Brazil and 
the Mediterranean and drought and heat waves are expected to become more frequent in Australia, 
northern Africa and south-western America (Handmer et al., 2012; Pohl, Macron, & Monerie, 2017; 
Russo, Marchese, Sillmann, & Imme, 2016; Seneviratne et al., 2012). 
Our knowledge of ecological responses to extreme climate stress is predominantly based on 
laboratory or field experiments (Bailey & van de Pol, 2016; Hoffmann & Parsons, 1997). 
Fundamental ecological insights gleaned from such studies, including thermal tolerance of a species 
or tipping point for an ecosystem, can potentially aid in the design of effective conservation 
interventions. However, the utility of experimental studies for conservation intervention design is 
limited, because experimental studies rarely replicate the variable and highly nuanced bioclimatic 
conditions species face in unmodified ecological systems (Chevin & Hoffmann, 2017).  
Observational studies of species’ or ecosystems’ responses to extreme events can highlight 
particular events or taxonomic groups that may benefit from focused vulnerability research 
(Altwegg, Visser, Bailey, & Erni, 2017; Smith, 2011). Some dramatic ecological responses to 
extreme events have been observed across individual, population and ecosystem levels. For 
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example, cyclones can alter the onset of sexual maturity in turtles (Dodd & Dreslik, 2008), 
prolonged droughts have caused population collapse in koalas (Seabrook et al., 2011), flooding can 
reduce plant species richness (Miller, Gornish, & Buckley, 2010), and heat waves can alter the 
structure of marine ecosystems (Wernberg et al., 2013).  
Previous reviews of observed responses to extreme events in ecological systems have focused on a 
specific taxonomic group (Orsenigo, Mondoni, Rossi, & Abeli, 2014; van de Pol et al., 2010), 
extreme event (Cech & Cech, 2013; Lugo, 2008), or set of responses (Moreno & Moller, 2011), or 
indicate potential responses to extreme events without quantifying the magnitude of the impacts 
over time (Bailey & van de Pol, 2016; Easterling et al., 2000; Jiguet, 2011; Parmesan, Root, & 
Willig, 2000). To our knowledge, there has been no formal review and categorisation of the full 
range of observed responses to extreme events in ecological systems, which could be used to inform 
effective conservation strategies.  
Here we categorise and quantify observed ecological responses to extreme events. We build on the 
existing literature by reviewing studies spanning 70 years of how seven taxonomic groups (birds, 
mammals, fish, amphibians, reptiles, invertebrates and plants) have responded to five types of 
extreme event (drought, cyclones/hurricanes/typhoons, floods/storm surges, heat waves, and cold 
waves/extreme winters/ice storms). We also collected information on study duration and whether 
studies report on species or system recovery following exposure to an extreme event. We discuss 
future research needs and conceptual challenges associated with incorporating extreme events into 
conservation vulnerability assessments and adaptation plans. 
  
Methods 
We performed a literature search in the ISI Web of Science database in July, 2015 and included all 
literature published prior to that date. Key search terms were set according to a “taxon” AND 
“event” structure and changed iteratively until all combinations of taxa and event included in our 
review were searched. Additional search terms were used to better refine search results (see 
Appendix 2.1). Search results (n = 4,896) were screened for our inclusion criteria: (i) an 
observational study; (ii) from peer-reviewed literature published in a national or international 
journal; (iii) set out to document an ecological response during, or in the years following an extreme 
event. Studies reporting on responses to seasonal flooding (e.g. in the Brazilian Pantanal) or non-
climate induced flooding events (e.g. dam decommission) were excluded, as were studies of 
commercially farmed or produced species.  
We read studies that met our inclusion criteria (n = 584), and recorded the documented ecological 
response, the focal species (if applicable), the ecosystem in which the response was studied, 
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whether responses were observed across multiple years, and whether studies were designed to 
monitor species or ecosystem recovery following exposure to an extreme event. After initial review, 
65 studies were excluded because they did not meet the inclusion criteria, which left 519 studies for 
review (see Appendix 2.2 for the complete list of studies). There were 205 journals represented in 
our review, with Biotropica, Ecology and Hydrobiologia the dominant journals (12.8% of responses 
collectively). 
Similar ecological responses to extreme events were grouped together and categorised (Table 2.1). 
Responses were further classified as being positive, neutral, negative, or ambiguous, where 
ambiguous responses were those that could imply adaptation or maladaptation to an extreme event. 
Extreme events with similar definitions were grouped into a single category (i.e. cyclones, 
hurricanes and typhoons; floods and storm surges; and cold waves, extreme winters and ice storms). 
Many studies documented more than one ecological response. As such, our review includes more 
responses (n = 698) than studies (n = 519) (Fig. 2.1).   
 
Results 
Our review revealed nineteen different types of responses (hereafter, response categories) (Table 
2.2; Appendix 2.3). Four of these response categories were positive responses, six were ambiguous, 
eight were negative and one category included cases where little or no response to an extreme event 
was observed. Plants were the most commonly studied taxonomic group (number of responses, n = 
189), followed by birds (143), invertebrates (123), fish (97), mammals (93), reptiles (27) and 
amphibians (26) (Fig. 2.2). Responses were most commonly observed in terrestrial (385) and 
freshwater (140) ecosystems. Marine (48), coastal (40), riparian (32), estuarine (28) and wetland 
(25) ecosystems shared similar numbers of observed responses (Fig. 2.2; Appendix 2.4).  
Sixty per cent of the studies in our review observed ecological responses for more than one year (n 
= 416). Studies that focused on drought, cold waves and floods generally spanned more than one 
year, whereas more than half of cyclone and heat wave studies were completed within one year 
(Appendix 2.5). We found no discernible differences in the type or frequency of responses to 
extreme events observed from studies carried out within one year compared to studies carried out 
across multiple years (Appendix 2.6).  
Only 40% of studies monitored species or ecosystem recovery following exposure to an extreme 
event (Appendix 2.7). Of these studies, 38% showed species or ecosystems that did not recover to 
pre-disturbance levels after extreme event exposure, while full or partial recovery was observed in 
62% of cases. Recovery usually occurred within two years, but in some cases, species or 
ecosystems took over ten years to recovery fully to pre-disturbance levels (Appendix 2.7).   
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Table 2.1 Description of 19 alternative ecological responses to extreme events that have observed 
in ecological systems between 1941 and 2015.  
 
Response Description 
P
o
si
ti
v
e 
Improved body condition Increase in biomass or growth. Increase in percent canopy 
cover or leaf production. Lower rates of mortality.  
Increase in species 
richness 
Increase in the number of species inhabiting an area. 
Increased fecundity Decline in nest predation. Increase in nestling success or seed 
production. 
Population increase Any increase in estimate population abundance or density. 
A
m
b
ig
u
o
u
s 
Change in behaviour Change in diet, foraging behaviour, reproductive strategy or 
migratory behaviour. 
Change in phenology Temporal shifts in flowering or breeding.  
Change in social 
organisation 
Change in social hierarchy or interactions.  
Change in species 
composition 
Change in the range of species inhabiting an area. 
Change in morphology or 
physiology 
Change in morphology or development. Morphological 
abnormalities.  
Change in occupied 
range 
Increase or shift in the area occupied by a species. 
N
eg
a
ti
v
e 
Decline in body condition Decline in biomass or productivity. Structural damage 
(including uprooting, loss of stem density, loss of basal area 
and increased herbivory). Desiccation. Increased stress levels 
or reduced immune function.  
Decline in fecundity Destruction of breeding sites. Decline in recruitment or 
breeding attempts. 
Decline in species 
richness 
Decline in the number of species inhabiting an area.  
Habitat loss Loss of habitat or decline in area occupied by species. 
Increased mortality Increased rates of predation. Decline in adult or juvenile 
survival. 
Local extirpation Complete loss of population from a study area after an 
extreme event occurred, and had not re-established by the end 
of the study. 
Population decline <25% Decline in estimated population abundance of less than 25%, 
or any unspecified per cent loss in population abundance. 
Population decline >25% Decline in estimated population abundance of greater than 
25%. 
 
Little impact Rapid recovery or no response following exposure to extreme 
event.  
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Figure 2.1 The number of ecological responses to extreme events (cyclones, drought, floods, heat 
waves, and cold waves) documented in peer-reviewed literature between 1941 and July, 2015 (* 
denotes that responses in 2015 were reviewed till July only).  
 
 
 
 
Figure 2.2 The relative contribution of cyclones, drought, flood, cold waves and heat waves to the 
total number of species and ecosystem responses to extreme events observed between 1941 and 
2015. Bracketed number beside taxon labels represent the total number of observed responses to 
extreme events for each taxon. The values in bars represent the total number of responses per 
extreme event documented for each taxon.  
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Table 2.2 Categorisation and quantification of alternative ecological responses to extreme events 
that have been observed in ecological systems between 1941 till 2016. The review synthesises 534 
observational studies that appear in 205 different journals.  
 
 
 
Figure 2.3. Number of ecological responses to extreme events observed in different ecosystems 
between 1941 and July, 2015. Numbers above brackets represent the total number of observed 
responses in each ecosystem. 
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Negative ecological responses were the most commonly reported, accounting for 57% of all 
documented responses (n = 395) (Fig. 2.4). There were 31 cases of local extirpation, and of the 18 
cases where recovery was assessed, 12 cases of local extirpation were found to be persistent. There 
were four cases of mammal populations becoming locally extinct after a flood event, and five cases 
of invertebrate populations becoming locally extinct following a cyclone. There were 117 cases of 
>25% population decline following an extreme event - the most frequently documented ecological 
response. The majority of these responses were documented after a cyclone or drought (n = 46 and 
n = 38, respectively). There were also 44 cases of fecundity declines and 27 cases of species 
richness declines following an extreme event.  
Ambiguous ecological responses, in which it was unclear whether the changes were positive or 
negative, were the second most prevalent response documented by the studies (n = 159, 23%).  
Change in species composition was the most prevalent ambiguous response (n = 87), with changes 
in invertebrate communities accounting for 32% of these responses (n = 28). Of the 44 responses 
monitored for recovery following an extreme event, 18 studies showed persistent compositional 
change.  We identified 76 cases of little-to-no ecological response following an extreme event. 
Positive responses to extreme events were the least frequent of all impact categories (n = 68). Over 
half of these positive responses were population increases (n = 39), which primarily followed a 
cyclone or flood event. There were very few positive responses to cold waves (n = 2) and heat 
waves (n = 1), and no positive reptilian responses to any extreme event.  
Cyclones were the most prevalent extreme event for birds, fish, plants and reptiles. Among these 
taxa, reptiles seem to be particularly responsive to cyclones (n = 14, 52% of all reptile responses to 
extreme events), with the majority of these responses being negative (n = 11, 79%). Cyclones also 
led to 15 cases of a >25% population decline in bird populations (58% of all negative bird 
responses to cyclones). There were 27 cases of plants declining in body condition following a 
cyclone, with eight of these responses persisting long after the event.  
Mammals and amphibians were most responsive to drought events, with drought leading to 12 cases 
of >25% population decline in mammals. Drought events also led to 13 cases of fecundity declines 
in bird populations and 12 cases of compositional change in invertebrate communities. Invertebrates 
had the most recorded responses to flooding events (n = 45), yet these responses included negative 
(n = 19), ambiguous (n = 15), neutral (n = 4) and positive (n = 7) responses. Cold waves, extreme 
winters and ice storms accounted for around 11% of impacts on birds and mammals and around 7% 
of impacts on amphibians.  There were no documented fish responses to heat waves. For all other 
taxa, heat waves accounted for around 4% of responses, except plants, for which heat waves 
accounted for around 7% of responses. 
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Figure 2.4 The relative contribution of positive, ambiguous, neutral and negative responses to the 
total number of observed ecological responses to extreme events observed between 1941 and 2015. 
Bracketed number beside taxon labels represent the total number of observed responses to extreme 
events for each taxon. The values in bars represent the total number of responses per impact type 
documented for each taxon. 
 
Discussion 
Collectively, the studies in our review suggest that extreme weather and climate events have 
profound implications for threatened species and ecosystem management. Ecological responses 
were observed across all ecological levels, from individuals to ecosystems, and over half were 
found to be negative. Some of the more severe negative responses identified in our review were 
prevalent and persisted long after an extreme event. There were, for example, over 100 cases of a 
>25% population decline and 31 cases of local extirpation of a species. The numerous declines in 
fecundity and species richness documented further justify the inclusion of extreme event impacts in 
conservation planning frameworks.  
Plant species had the highest proportion of negative responses to extreme events (70%). Many of 
these involved structural damage (e.g. uprooting, loss of stem density, increased herbivory) 
following cyclones – which in many cases would be impermanent – but there were also numerous 
cases of plant communities suffering increased mortality rates and reduced species diversity 
following a cyclone. Reptile and amphibian species also had a high proportion of negative 
responses to extreme events (both 67%). Declines in fecundity after cyclones and reduced body 
condition following drought were prevalent in reptilian species, while populations of amphibian 
species suffered large declines following cyclone events. Species located in coastal ecosystems had 
the highest proportion of negative responses (65%), which included fecundity declines and 
population declines of >25% following cyclones. Large population declines following drought 
events were also numerous in terrestrial ecosystems.  
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Many of the studies we reviewed observed ecological responses for less than one year and did not 
monitor species or ecosystem recovery following extreme event exposure. We were also unable to 
disentangle clearly monitoring effort from actual impacts (i.e. it is possible that cold waves lead to 
changes in morphology but no studies have focused on this phenomena yet). This constrains our 
understanding of how changing patterns of extreme events may impact species over the coming 
decades. Many long-term studies reveal how extreme events can drive drastic changes in ecosystem 
structure and fundamental shifts in key life history stages of some species. For example, the 
intensification of extreme flooding events since the turn of the century reduced the biomass and 
species richness of macrobenthic communities in the Mondego estuary in Portugal (Cardoso, 
Raffaelli, Lillebo, Verdelhos, & Pardal, 2008). In another example, one major flood event resulted 
in rapid, wholesale reorganisation of a desert rodent community in Portal, Arizona (Thibault & 
Brown, 2008). Over a 30-year period, drought intensity led cliff swallows (Petrochelidon 
pyrrhonota) – a long-distance migrant bird – to initiate breeding colonies earlier in warmer and drier 
years (C. R. Brown & Brown, 2014). Finally, drought and increasing temperatures in Yellowstone 
National Park over the last decade caused drastic reductions in wetland habitat and subsequently 
reduced amphibian species diversity and abundance (McMenamin, Hadly, & Wright, 2008). 
While widespread ecological changes following extreme events may prove to be lasting or even 
irreversible (Harris et al., 2018; Pisaric et al., 2011), long-term observational studies also provide 
valuable insights into how ecosystems can recover following an extreme event (Capon et al., 2015). 
For example, near Glacier Bay, Alaska, the density of pink salmon (Oncorhynchus gorbuscha) 
decreased by 90% following a major rainfall event that caused substantial geomorphic change to 
stream channels. Within two generations, however, salmon densities recovered to pre-disturbance 
levels (Milner, Robertson, McDermott, Klaar, & Brown, 2013). Bird communities in far north 
Queensland, Australia can also recover to a pre-disturbance state within 12 months of a tropical 
cyclone by modifying their foraging behaviour and movement patterns within a landscape 
(Freeman, Pias, & Vinson, 2008). Hence the markedly different responses to extreme events 
observed in long term studies show that caution is required when predicting likely responses to 
future events. The information gleaned from long-term studies will be critical for improving 
predictions of species responses to extreme events, however such studies are rare.  
We found a larger-then-expected number of positive or neutral responses to extreme events (n = 
144; 21% of all responses). These responses serve as a reminder that natural disturbances from 
extreme events often play a critical role in maintaining the structure and function of many 
ecosystems and life history strategies (Attiwill, 1994; McMahon et al., 2017; Whittaker, Willi s, & 
Field, 2001). Some positive responses that were common yet temporary included cyclone events 
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leading to increased abundances of bird species that prefer regenerating habitat (e.g. Brown, Sherry, 
& Harris, 2011; Freeman et al., 2008), and cyclones and floods leading to increased richness of fish 
and invertebrate species (e.g. (Gerisch, Dziock, Schanowski, Ilg, & Henle, 2012; Horrocks, 
Cunningham, O'Dowd, Thomson, & Mac Nally, 2012; Kano et al., 2011). Increases in fish and 
invertebrate richness were typically due to higher food availability in disturbed areas, or flooding 
events facilitating colonisation by species downstream. Marine ecosystems had the highest 
proportion of positive responses following an extreme event (21%). Examples of such responses 
included an increase in surface deposit feeders in the immediate aftermath of Hurricane Isabel 
(Hughes, Richardson, Luckenbach, & Seed, 2009) and increased densities of striated surgeonfish 
(Ctenochaetus striatus) after major cyclones had disturbed the reefs in the Cook Islands (Rongo & 
van Woesik, 2013).  
In the studies we reviewed, species that benefited from extreme events were typically invasive (e.g. 
green sunfish (Lepomis cyanellus) in California (Beche, Connors, Resh, & Merenlender, 2009); 
sweet pittosporum (Pittosporum undulatum) in Jamaica (Bellingham, Tanner, & Healey, 2005); 
Phragmites australis in wetlands along the Atlantic and Gulf Coasts of the United States (Bhattarai 
& Cronin, 2014)), or native species that are mobile or have rapid population turnover times (e.g. 
molluscs in Germany (Ilg et al., 2008; fish communities in the interior lakes of central North 
America (Starks, Cooper, Leavitt, & Wissel, 2014)). However, we also found cases of range-
restricted species benefiting from extreme event exposure. For example, reductions in rainforest 
canopy cover caused by cyclone events can decrease the risk of endangered rainforest frogs 
becoming infected by a fungal pathogen, chytid fungus (Batrachochytrium dendrobatidis) (Roznik, 
Sapsford, Pike, Schwarzkopf, & Alford, 2015). Drought also reduces chytrid fungus intensity and 
mortality in adult crawfish frogs (Lithobates areolatus) (Terrell, Engbrecht, Pessier, & Lannoo, 
2014). In these cases, cyclones and drought conditions act to create microhabitat conditions that 
exceed the critical maximum temperature for chyrid fungus and hence help anuran resistance to the 
disease.  
Assessing vulnerability to extreme events  
Vulnerability assessments can identify species or ecosystems that are likely to require conservation 
intervention. A widely adopted framework for assessing vulnerability to climate change that 
measures species’ exposure, sensitivity and adaptive capacity (Foden et al., 2013) is also applicable 
to measurements of species’ vulnerability to extreme events. Exposure is a measure of the nature 
and degree to which a system is exposed to significant climatic variations. Sensitivity is a measure 
of how a species will be affected by particular changes in climate variables, and is predominantly 
governed by intrinsic factors (e.g. phenology, physiological traits). Adaptive capacity is the ability 
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of a species to adjust to altered climate and weather patterns, and is influenced by both intrinsic 
(e.g. strict habitat dependencies) and extrinsic factors (e.g. habitat loss).  
Of the three components of vulnerabilty, our ability to measure exposure to extreme events is 
arguably the most advanced. For example, over 30% of threatened terrestrial mammals have 
experienced significant exposure to cyclones, droughts or a combination of both (Ameca y Juárez, 
Mace, Cowlishaw, Cornforth, & Pettorelli, 2013). Measurements of exposure should not, however, 
rely solely on historical patterns of extreme events. Under climate change, heat waves are likely to 
be more intense, more frequent, and last longer, particularly in Amazon and Congo basins 
(Seneviratne et al., 2012). The frequency of tropical cyclones may remain unchanged but they are 
predicted to become more intense in some ocean basins (Seneviratne et al., 2012). Moreover, the 
duration and intensity of droughts will increase in some regions of the world, including southern 
and central Europe, central North America, Central America and Mexico, northeast Brazil and 
southern Africa (Handmer et al., 2012; Pohl et al., 2017; Russo et al., 2016; Seneviratne et al., 
2012). 
The infrequent and short-term nature of extreme events makes it difficult to predict their local 
frequency and intensity (Bailey & van de Pol, 2016; Flato et al., 2013). Predictions are also 
constrained by incomplete data on the historical frequency of extreme events for some regions 
(Flato et al., 2013). Of the extreme events included in this review, predictive modelling is least 
developed for heat waves that affect marine ecosystems (Frolicher et al. 2018), whereas predictions 
for extreme precipitation and heat events have improved dramatically in recent years (e.g. Baker et 
al., 2018; Tabari & Willems, 2018). Regardless of the type of event, however, species vulnerability 
assessments can be made more robust to uncertain predictions if they consider the range of 
plausible extreme event patterns predicted by model simulations.  
Biological traits, including home-range size (Ameca y Juárez, Mace, Cowlishaw, & Pettorelli, 
2014), and individual demographic factors, including age, are likely to mediate sensitivity to 
extreme events (Beehner et al. 2006). For example, older female baboons (Papio cynocephalus) in 
Kenya are less likely to have successful pregnancies during drought (Beehner et al. 2006). But 
despite a long history of experimental research on ecological responses to climatic stress (Bailey et 
al., 2017; Hoffmann & Parsons, 1997; Pardo, Jenouvrier, Weimerskirch, & Barbraud, 2017; 
Parmesan, 2006; White, Campbell, Kemp, & Hunt, 2000), key questions on species’ sensitivity and 
adaptive capacity to extreme events remain. Such questions include those around limits to 
phenotypic plasticity, the capacity for genetic change in individuals, and how individual responses 
to extreme events influence ecosystem function (Palmer et al., 2017). Sessile species with slow 
reproductive rates and specialised habitat and dietary requirements are commonly flagged as being 
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highly vulnerable to anthropogenic climate change (Pacifici et al., 2015). These same traits are also 
likely to exacerbate vulnerability to more frequent and intense extreme events. However, research 
that continues to explore this important research gap will help clarify the preconditions for 
successful adaptation to extreme events among different taxonomic groups.   
Studies exploring species’ sensitivity and adaptive capacity to extreme events will inevitably 
require large investments of both money and time, and hence should target areas of most need. Our 
findings suggest priorities for this research include ecological responses to cold and heat waves, 
given their predominantly negative impacts (73% and 74% of responses were negative, 
respectively) and the comparatively few studies focusing on these events. Responses in coastal, 
estuarine, marine, riparian and wetland ecosystems were mostly negative and relatively poorly-
studied (Fig. 2.3; Appendix 2.8). Other less-studied phenomena include reptile responses to 
cyclones, and mammal and bird responses to drought. Future studies should also examine 
ambiguous responses, including changes in behaviour and species composition, to help clarify their 
long-term implications. Changes in the composition of invertebrate communities following drought 
and flood events, and changes in avian species behaviour following cyclones and floods were 
particularly prominent.  
Accounting for threat interactions in vulnerability assessments 
Understanding how multiple threats interact to influence species’ vulnerability to extinction is 
difficult (Cote, Darling, & Brown, 2016), but can be of critical importance to the success of 
conservation efforts (Brook, Sodhi, & Bradshaw, 2008). Assessments of species’ vulnerability to 
extreme events should consider how interactions between threats may exacerbate or attenuate 
vulnerability levels. Such interactions include those between multiple extreme events or between 
extreme events and other threatening processes. 
Multiple extreme events are likely to act in synergistic ways to exacerbate risk of species’ 
extinction. For example, the co-occurrence of drought and heat waves has greater impacts on bird 
abundance changes than if these events occur in isolation (Albright et al., 2010). The combination 
of heat waves and low summer rainfall also has severe impacts on koala populations (Phascolarctos 
cinereus), either directly by causing physiological stress or indirectly by affecting the nutrient and 
water content in eucalypt leaves (Seabrook et al., 2011). Synergistic interactions between extreme 
events have also been documented in marine systems. For example, heat waves increase demand for 
carbon in a temperate seagrass species (Amphibolis antarctica) found in Shark Bay, Western 
Australia. Yet this demand cannot be met through photosynthesis when turbid floodwaters reduce 
light availability, resulting in a negative carbon balance in plants for more than two years after the 
co-occurrence of heat waves and flooding events (Fraser et al., 2014).   
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Interactions with non-climate-related threats are also likely to influence species’ overall 
vulnerability to extreme events. For example, habitat fragmentation can limit the ability of 
butterflies to cope with, and recover from, heat waves (Piessens, Adriaens, Jacquemyn, & Honnay, 
2009). Toxic compounds in agricultural runoff are also less diluted in years of drought, which can 
elevate toxicity levels in fish liver tissue (e.g. in striped bass (Morone saxatilis) in the San Francisco 
Bay estuary (Bennet, Ostrach, & Hinton, 1995)). Drought can also promote a complex interaction 
between diseases that are tolerable in isolation, but with co-infection cause catastrophic mortality in 
lion populations (Panthera leo) (Munson et al., 2008). Sustained browsing by introduced ungulates 
during drought events has been linked to declines of a critically endangered seed specialist bird 
(Loxioides bailleui) in Hawaii (Banko et al., 2013). 
Ecological responses are likely to be more pronounced when extreme events co-occur with other 
events or threatening processes, particularly where species exist near upper thermal tolerance limits 
(Fraser et al., 2014), are resource-limited (Maron et al. 2015) or have specialised habitat 
requirements (Banko et al., 2013; Hinojosa-Huerta, Nagler, Carrillo-Guererro, & Glenn, 2013. 
Accounting for threat interactions is likely improve predictions of responses to extreme events, such 
as for population decline (Vasseur et al., 2014). Further research that reviews or elucidates when 
extreme events act additively, synergistically or antagonistically with other threats will therefore 
improve the reliability of species vulnerability assessments. To advance on current knowledge of 
threat interactions, such research should be long-term and include measures of threat intensity. 
However, we caution that research focusing on interactive effects should not detract from efforts  to 
clarify how species are likely to respond to altered extreme event patterns, which remains a key 
uncertainty in most vulnerability assessments.  
Promoting adaptation to extreme events through conservation action 
Just as they promote adaptation to climate change, actions that enhance habitat connectivity, access 
to climate refugia and intra-species genetic variation are also likely to benefit species threatened by 
extreme events. The most effective way to achieve these aims is through the conservation of intact 
habitats (Martin & Watson, 2016; Watson et al., 2018). 
Intact habitats on land are typified by large, contiguous areas of native vegetation that often span 
environmental gradients, such as altitude, rainfall or temperature (Watson et al., 2018).  Marine 
intact habitats (Jones et al., 2018) are seascapes mostly free of human disturbance that perform key 
functional roles (D’agata et al., 2016) and maintain high levels of ecological and evolutionary 
connectivity (Jones, Srinivasa, & Almany, 2007). The characteristics of intact habitats across land 
and sea help to maximize species dispersal, gene flow and genetic adaptation (Alberto et al., 2013; 
Lawler et al., 2015; Sgro, Lowe, & Hoffmann, 2011). Intact habitats also act as important refuges 
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for plant and animal communities dependent on long time intervals between disturbance processes, 
including drought and wildfire (Laurance, 2004; Lindenmayer, Hobbs, Likens, Krebs, & Banks, 
2011). Degradation and loss of intact habitats can decrease daily rainfall intensity, increase drought 
duration during El Niño years and increase the number of dry and hot days (McAlpine et al., 2018; 
Sheil & Murdiyarso, 2009). Furthermore, intact habitats retain soil, stabilize slopes and control 
flooding, and wind erosion during extreme events (Alila, Kuraś, Schnorbus, & Hudson, 2009; 
Brookhuis & Hein, 2016). Intact habitats are also likely to be more resilient to large-scale 
disturbances from extreme events. For example, exotic seedling germination following cyclone 
damage is higher and more diverse inside fragmented habitats than intact habitats (Catterall, 
McKenna, Kanowski, & Piper, 2008). 
Where intact habitat protection is not available to conservation practitioners, ecological restoration 
efforts can also help species to adapt to extreme events (Reside, Butt, & Adams, 2017). For 
example, sustained restoration efforts (i.e. 15+ years) in brackish marshes help plant and animal 
communities to cope with drought events (Kinney, Quigg, & Armitage, 2014).  Ecological 
restoration that helps species to adapt to extreme events can also benefit human communities with 
immediate adaptation needs (Maxwell, Venter, Jones, & Watson, 2015).  There are now important 
examples of using oyster or seagrass beds to protect coastal areas from flooding offers substantial 
dual benefits for climate-vulnerable biodiversity and human communities (Borsje et al., 2011).  
In fragmented landscapes, re-establishing native vegetation and regulating incompatible land uses 
will facilitate species mobility during extreme events and provide critical food and shelter resources 
to aid recovery after events (e.g. Steenhof, Kochert, Carpenter, & Lehman, 1999). Populations that 
face resource bottlenecks during or following extreme events would benefit from feed supplement 
programs (Maron et al., 2015; Turton, 2012) or removing competition from invasive ungulates 
(Banko et al., 2013). It may not be possible, however, to restore ecosystem stability and community 
assemblages to better cope with extreme events and other stressors in areas that have been heavily 
degraded (Cardoso et al., 2008).  
Restoring environmental flows or improving management of groundwater withdrawals during 
drought periods will become increasingly important to maintain many freshwater populations and 
systems threatened by drought and heat wave events (Baker, 2005). Importantly, the success of such 
restoration efforts will depend on also re-establishing natural temperature regimes in river and 
stream systems – an effect that is difficult to achieve if water is simply released from dams or 
reservoirs at periodic intervals (Rader, Voelz, & Ward, 2008). 
More intensive conservation interventions could be necessary for critically endangered species that 
are vulnerable to extreme events. Such actions could involve pre-emptive translocation or relocation 
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of populations following successive extreme flood events (e.g. (Sousa et al., 2012). Populations that 
are regularly exposed to extreme events, or inhabit highly variable environments, may be suitable 
source populations for ex-situ conservation efforts as such populations typically show higher 
phenotypic plasticity and may be preadapted to more frequent and intense extreme events (Chevin 
& Hoffmann, 2017). 
Concluding remarks  
Our review provides an overview of contemporary ecological responses to extreme events, and lays 
a foundation for future long-term studies to improve the understanding of species sensitivity and 
adaptive capacity to extreme events. Predicting the occurrence of individual extreme events and 
subsequent ecological responses is likely to remain a challenge. Less-documented phenomena 
include ecological responses to heat and cold waves, reptilian responses to cyclones, mammalian 
and bird responses to drought, and clarifying ambiguous ecological responses. Incorporating 
extreme events into climate change vulnerability assessments and adaptation plans will be 
challenging, but by doing so we have a greater chance of arriving at conservation interventions that 
truly address the full range of climate change impacts. 
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Abstract  
The impact of climate change on biodiversity is now evident, with the direct impacts of changing 
temperature and rainfall regimes, seasonality, and increases in magnitude and frequency of extreme 
events on species distributions, populations and overall ecosystem function being increasingly 
publicised.  These changes in the climate system are also impacting human communities, and a 
range of human responses across terrestrial and marine realms are being witnessed, including 
changed agricultural activities, shifting fishing effort and human migration. Failing to account for 
the human responses to climate change is likely to compromise climate-smart conservation efforts. 
Here, we use a well-established climate adaptation planning framework to show that it is possible to 
include the human response to climate change into both species and site based vulnerability 
assessments and overall adaptation plans. By explicitly taking into account human responses, 
conservation planners will have a better ability to evaluate the potential success of future 
conservation actions as well as better identify opportunities where win-wins can occur between 
human-oriented and biodiversity-based climate adaptation strategies.  
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Introduction 
Rapid, human-forced climate change is well underway (Hansen et al. 2012, IPCC 2014b) and is an 
increasingly documented threat to species, ecosystems and ecological processes across the planet 
(Thomas et al. 2004, Foden et al. 2013, Urban 2015). The conservation community has responded 
to this challenge by attempting to make their strategies more robust to the impacts of climate 
change (Hansen et al. 2010, Groves et al. 2012, Akcakaya et al. 2014, Stein et al. 2014, Schmitz et 
al. 2015). ‘Climate-smart’ conservation has been described in differing ways in the published 
literature(Cross et al. 2012, Stein et al. 2014) but the fundamentals remain constant – first, identify 
the feature targeted for conservation and specify a management objective; second, assess the 
potential effects of plausible future climate scenarios on the chosen conservation feature and 
identify management actions to achieve the stated objective under each scenario; third, prioritize 
and implement management actions and; finally, monitor action effectiveness and adjust ineffective 
actions or revisit planning as needed (generalized framework shown in Figure 3.2).  
Climate smart adaptation is now widely adopted in the conservation realm, with active examples of 
implemented projects ranging from protected area corridor planning in Africa’s Albertine Rift 
(Seimon et al. 2011) to planning for beaver (Castor canadensis) conservation in North America 
(Cross et al. 2012). It is also now increasingly becoming a pre-requisite to demonstrate phases of 
climate-smart conservation when accessing climate adaptation funding. For instance, the Doris 
Duke Charitable Foundation asks for all applicants to go through this process to access considerable 
climate change funding in North America (amounting to $257 million in grants between 1997 and 
2013 for wildlife conservation in the United States) (DDCF 2013). The MacArthur Foundation, 
who paid out $16.7 million in 2013 alone to conservation and sustainable development (MacArthur 
Foundation 2015), also require climate adaptation grantees to follow the climate-smart conservation 
principles.  
 The primary focus of climate-smart conservation to date has been to assess and plan for the ‘direct’ 
impacts of climate change (Lawler 2009, Seimon et al. 2011, Chapman et al. 2014, Tingley et al. 
2014, Pacifici et al. 2015), where direct impacts on biodiversity refer to those that arise from 
changes in the climate, such as coral bleaching (Hughes et al. 2003), changes in phenology (Dalleau 
et al. 2012, Lane et al. 2012) or climate-driven habitat changes (Hamilton et al. 2014). Direct 
impacts also include impacts that arise from interactions between climate change and more 
traditional biodiversity threats, including habitat fragmentation (Mantyka-Pringle et al. 2012) or 
ecological processes such as fire (Keith et al. 2008) or invasive species (Bradley et al. 2009). One 
potential reason for this focus is that the vast majority of documented impacts from climate change 
in the conservation literature are direct impacts (Chapman et al. 2014), including declining body 
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size (Gardner et al. 2011) and chick survival (Aubry et al. 2013) in birds, reduced population 
growth rates in mammals (Lane et al. 2012), changes in turtle nesting seasonality (Dalleau et al. 
2012) and constriction of plant- and animal-rich cloud forests (Ponce-Reyes et al. 2012). 
Climate change is also impacting human societies around the world (IPCC 2012) and we are 
witnessing humans responding to the challenges and opportunities that climate change presents 
(Table 3.1; Figure 3.1) (Turner et al. 2010, Lesnikowski et al. 2015). For example, there are now 
many instances of local communities altering their agricultural systems to maintain otherwise 
declining yields in the face of changing seasons and rainfall patterns (Howden et al. 2007, Liu et al. 
2008). Some communities that cannot maintain yields are now migrating away from their 
agricultural lands entirely (Feng et al. 2010).  
 
 
Figure 3.1 Examples of human adaptation responses to climate change that can have positive and 
negative impacts on biodiversity: (A) Drought driven Mulga harvesting in Queensland, Australia 
(Fensham et al. 2012); (B) Protective sea wall built using blasted coral to protect local communities 
against sea-level rise, Papua New Guinea (Grantham et al. 2011); (C) Agroforestry plantation 
encourage a microclimate that supports high yields whilst providing migration corridors for tropical 
species that are threatened by climate change (Bhagwat et al. 2008); (D) Native mangrove species 
restoration for coastal defense, Zambales, Philippines (Alongi 2008) (Photo credit: (A) Michelle 
Venter, (B) US Dept. of Agriculture, (C) James Watson, (D) Trees for the future, 
http://flic.kr/p/b8256t).  
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Table 3.1  Examples of different human responses to local climatic changes that have, or are likely 
to cause, indirect impacts to species and ecosystems of conservation concern.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Recent temperature and rainfall anomalies in sub-Saharan Africa, for example, have caused the net 
displacement of five million people between 1960 and 2000 (Marchiori et al. 2012) and are also 
leading some coastal fisher communities to shift their fishing grounds (Pinsky and Fogarty 2012). 
The rapidly changing climate in the higher latitudes of the northern hemisphere, which is reducing 
Climate-related pressure Human response 
Potential indirect impacts on 
species and ecosystems 
Increased rainfall variability Build water storage infrastructure 
(dams, reservoirs, bores) 
Changes in natural river flows 
Disruption of migratory processes 
Distribution changes in 
economically important 
fish species  
Associated shifts in fishing effort  
 
Overfishing if not accounted for in 
management practices 
Climate-induced changes in 
agricultural suitability 
Shift or intensify agriculture in 
regions that become more 
climatically suitable 
Progressive fragmentation and loss 
of wildlife habitat 
Reduced sea ice and 
permafrost in the Arctic 
Shift or intensify transport,  
fishing and oil extraction 
activities 
Increased risk of oil spills, marine 
mammal boat strikes, bycatch and 
entanglement impacts from these 
activities 
Inundation from sea level rise Human displacement and 
relocation of agriculture 
Mammalian habitat loss due to 
relocation of urban and 
agricultural areas 
Erosion from sea level rise Construction of physical barriers 
for coastal armouring 
Changes in trophic structure and 
reduced species diversity 
Coral reef destruction 
Recurrent severe drought  
 
Increased groundwater extraction 
Switching to alternative forms of 
income or food 
Exacerbated drought impacts on 
endemic cave dwelling species 
Increased poaching of elephants or 
resource extraction within 
protected areas 
 
 
Pastoralists increase herd size to 
facilitate herd recovery 
Competitive displacement or 
harassment of wildlife by 
livestock and herders 
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permafrost, snow and ice, is already altering transportation networks and infrastructure associated 
with mining, oil and gas developments (Prowse et al. 2009). The increasing frequency and 
magnitude of extreme weather and climate events witnessed around the world (IPCC 2012) has 
meant there are now many examples of coastal communities preparing for natural disaster relief by 
constructing physical barriers (Grantham et al. 2011) or by planting or protecting natural defense 
mechanisms against coastal inundation and erosion, such as mangroves and reefs (Rao et al. 2013).  
There has also been a shift in the global policy realm, with regional-scale adaptation now playing an 
equally important part in international climate negotiations next to mitigation (Hsu et al. 2015). In 
the last few years, governments have increasingly recognised the importance of implementing 
policies to safeguard or promote ecosystem services in a changing climate to allow humans to better 
adapt to climate change, including protecting forests to reduce avalanches and landslides (UNFCCC 
2011), restoring urban forests to prevent heat traps, improve air quality and regulate stormwater 
runoff (Edmonton City Council 2012) and implementing agroforestry programs to adapt to irregular 
rainfall patterns (Bhagwat et al. 2008, UNFCCC 2011). 
A growing literature argues the majority of human responses to climate change are inextricably 
linked to environmental changes that interfere with the natural adaptive responses to climate change 
that species and ecosystems have relied upon in the past (Mackey et al. 2008, Brodie et al. 2012, 
Tingley et al. 2014). Impacts on species or ecosystems that result from humans responding to 
climate change are increasingly referred to as the ‘indirect impacts’ of climate change (Turner et al. 
2010, Chapman et al. 2014, Watson 2014, Segan et al. in press), and we follow this convention. 
Many applications of the climate-smart conservation framework do not accommodate the indirect 
impacts of climate change on biodiversity, which constrains our ability to assess and plan for them 
(Brodie et al. 2012, Watson 2014). Here we argue that indirect impacts can be accommodated 
without a radical departure from how climate-smart conservation is currently done.  
Building on four existing steps of the well-established climate-smart conservation framework 
(Figure 3.2), this review will demonstrate different ways to integrate the indirect impacts from 
humans responding to climate change into vulnerability assessments and adaptation plans. We first 
show that it is possible for vulnerability assessments to capture the degree to which human 
responses alter species and ecosystems ability to adapt to climate change. After assessing the 
potential indirect impacts of climate change, we argue that actively revising conservation goals and 
objectives can reveal more pragmatic conservation goals and objectives that incorporate – or even 
take advantage of – likely human responses to climate change. Current climate adaptation actions 
that involve resisting indirect impacts, accommodating change in land and seascapes and promoting 
dual benefits for humans and biodiversity can address the indirect impacts of human responses to 
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climate change. However, these actions have different levels of risk of achieving overall 
conservation goals and broader societal values and needs under climate change, as well as different 
overall feasibility of long-term success, both of which are important to consider when evaluating 
and selecting adaptation actions. This review clarifies the connections between climate-induced 
changes in human behaviour and the current thinking around climate-smart conservation, and in so 
doing, helps facilitate the integration of human responses into climate vulnerability assessments and 
adaptation plans. 
 
Assessing climate impacts and vulnerabilities  
Current methods for assessing vulnerability climate change  
Vulnerability assessments are an important early phase of climate-smart conservation (Step 2 in 
Figure 3.2) because they can identify if, and for what reasons, climate change may pose a threat to 
the persistence of a species or ecosystems of conservation importance (herein ‘conservation target’). 
‘Vulnerability’ in this context refers to the extent to which a conservation target is predisposed to 
adverse effects from climate change (Stein et al. 2014). Climate change vulnerability assessments 
provide the critical foundation upon which conservation actions or policies are developed. Beyond 
planning, vulnerability assessments also play an important role in informing conservation 
inventories (e.g. the International Union for Nature Conservation (IUCN) Red List of Threatened 
species, www.iucnredlist.org; Akcakaya et al. (2014)), which guide significant conservation 
investment as well as some national legislation (Walsh et al. 2013). 
Amongst a wealth of ways to assess vulnerability to climate change (Williams et al. 2008, Watson 
et al. 2013, Pacifici et al. 2015), the International Panel on Climate Change (IPCC) have adopted a 
conceptual framework where vulnerability is considered to be a product of three measurable 
elements: exposure, sensitivity and adaptive capacity (IPCC 2007). Exposure is a measure of 
change in climate (e.g. temperature, wind, precipitation) and climate-induced environmental 
impacts (e.g. sea-level rise, ocean acidification) within the area occupied by a species or system 
(Dawson et al. 2011, Stein et al. 2014). Sensitivity is a measure of how much a species or system 
will be affected by particular changes in climatic variables (Foden et al. 2013, Pacifici et al. 2015). 
Put together, exposure and sensitivity determine the potential impact of climate change on a species 
or ecosystem. The third element of vulnerability, adaptive capacity, is ‘the potential, capability, or 
ability of a species or ecosystem to adjust to climate change, to moderate potential damages, to take 
advantage of opportunities, or to cope with the consequences’ (IPCC 2007). Species or ecosystems 
found to have high exposure and sensitivity, and low adaptive capacity are said to have high 
vulnerability to climate change (Figure 3.3) (Foden et al. 2013).  
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Figure 3.2 The climate-smart conservation cycle (Stein et al. 2014). The four phases of the cycle 
that are surrounded by a dashed line indicate where human responses to climate change should be 
integrated. The four boxes connecting to these four phases provide suggestions on how the 
integration may be achieved. Photo credit: (A) Neil Palmer, (B) Petterik Wiggers, (C) Francesco 
Veronesi, (D) Brent Stirton/Getty Images, (E & I) James Allan, (F) Sean Maxwell, (G) 
Conservation International, (H) Jo Munday). 
 
It is generally accepted that the sensitivity of an individual, species or ecosystem is governed by 
intrinsic factors, such as physiological traits (e.g. temperature or pH tolerance), phenology cycles 
(e.g. timing of insect emergence) (DeLucia et al. 2012), ecological linkages (e.g. predator-prey 
cycles) (Hunsicker et al. 2013) and strict habitat dependencies (e.g. wading birds and mudflats) 
(Iwamura et al. 2013). In contrast, adaptive capacity is thought to be a function of both intrinsic 
factors, including life history characteristics (e.g. dispersal and colonization ability) (Berg et al. 
2010), evolutionary potential (e.g. generation time, population size) (Hoffmann and Sgro 2011) and 
phenotypic plasticity (e.g. acclimation) (Matesanz et al. 2010) and extrinsic factors such as habitat 
quality and connectivity, pollution, and water availability (Glick et al. 2011).   
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Figure 3.3 Conceptual framework for assessing species and ecosystem vulnerability to climate 
change. Yellow and pink circles represent exposure and sensitivity respectively, where exposure is 
a measure of change in climate and climate-induced environmental impacts within the area 
occupied by a species or system, and sensitivity is a measure of how much a species or system will 
be affected by particular changes in climatic variables. The blue circle represents low adaptive 
capacity, which is the inability of a species or system to adjust to climate change, to take advantage 
of opportunities, or to cope with the consequences of climate change. Where the circles intersect, 
‘V’ represents a given species or ecosystems level of vulnerability to climate change. Exposed and 
sensitive species or ecosystems with low adaptive capacity are highly vulnerable to climate change. 
Schematic adapted from Foden et al. (2013). 
 
Species persisted through past climate changes via a number of adaptive responses (Mackey et al. 
2008). Microevolution, for instance, refers to genetic changes that occur over time within a 
population, and can occur rapidly to help species keep up with environmental changes (Thompson 
2005). Confronted with altered temperatures in their wetlands, wood frog (Rana sylvatica) 
populations have undergone microevolution in thermal tolerance (Skelly and Freidenburg 2000), 
thermal preference (Freidenburg and Skelly 2004) and temperature-related development rate 
(Skelly 2004) in less than 40 years. Dispersing away from unfavorable changes in climate has also 
been an important adaptation response for species in the past (Gilmore et al. 2007, Younger et al. 
2015), particularly for long-lived species with slow rates of microevolution (e.g. penguins 
(Pygoscelis sp.) (Forcada and Trathan 2009). Climate refugia are locations where species survive 
periods of regionally adverse climate, and are thought to be critical for species persistence through 
climate change (Lovejoy and Hannah 2005, Gavin et al. 2014). European beech (Fagus sylvatica) 
colonization across central and northern Europe since the last glacial maxima originated 
predominantly from climate refugia in the northern periphery of the Mediterranean (e.g. eastern and 
western Alps) (Magri 2008, de Lafontaine et al. 2013). 
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Human influence on climate vulnerability 
During past periods of climate change, it is likely that human influence on the environment and 
ecosystem processes did not limit the adaptive responses of species. This is clearly no longer the 
case. Humanity’s footprint is now appearing on at least 83% of the earth’s surface, and almost 98% 
of the areas where rice, wheat, or maize can be grown is influenced by one or more of these crops 
(Sanderson et al. 2002). No area within the marine realm is free from human influence, and 41% of 
the marine environment is strongly affected by human activities (Halpern et al. 2008). Such 
modification of land and seascapes leaves many species and ecosystems with little chance to utilise 
their full range of adaptive responses to climate change (Kareiva et al. 2007, Eastwood et al. 2008, 
Lawler et al. 2013). 
In addition to the anthropogenic forces that have already altered the function and state of many 
ecosystems, human responses to climate change will influence the ability of species to cope, adjust 
or disperse away from climate impacts (Figure 3.4). For example, when tropical forested 
ecosystems become more accessible during the wet season due to changes in the length and severity 
of the dry season, there is evidence of humans responding opportunistically by increasing logging 
and hunting efforts (Robinson et al. 1999). This change in behavior can restrict animal and plant 
dispersal across the landscape (Peres and Palacios 2007, Brodie et al. 2009, Corlett 2009) and 
exacerbate their vulnerability to the drying conditions.  
In contrast, agroforestry is an adaptive strategy being adopted by farmers in tropical regions to 
adapt to the impacts of a drying climate on banana, coffee and cocoa plantations (Bhagwat et al. 
2008, Birdlife International 2010). By intentionally managing shade trees within food crops to 
encourage a microclimate that supports high yields, agroforestry can provide migration corridors for 
tropical species that are threatened by climate change (Bhagwat et al. 2008). The adoption of 
agroforestry by farmers is also linked with declines in unsustainable timber harvesting and illegal 
grazing of livestock in nearby natural areas (McNeely and Schroth 2006). 
Increased frequency and magnitude of extreme weather and climate events are now triggering a 
series of human responses that have implications for species threatened with climate change. We 
are witnessing planned and unplanned resettlement of communities that reside in flood or drought 
prone areas (McGranahan et al. 2007, Arnall 2014), which precipitates a variety of environmental 
problems, including legal and illegal land colonization, deforestation, fires and overhunting 
(Laurance et al. 2001, Fearnside 2006, Laurance et al. 2006, Blake et al. 2007, Adeney et al. 2009, 
Laurance et al. 2009). These indirect impacts place additional stress on species coping with flood 
and drought impacts themselves, and are often exacerbated by poor governance (Fearnside 1986, 
Fearnside 2006, Turner et al. 2010). 
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Figure 3.4 Conceptual demonstration of how human responses to climate change can have positive 
and negative influences on species and ecosystem vulnerability to climate change.  Colours in 
vulnerability diagrams reflect those in Figure 3.3. Biodiversity friendly human responses will 
present opportunities to enhance the adaptive capacity of climate imperilled conservation targets, 
reducing their overall vulnerability to climate change. Non-biodiversity-friendly responses will 
exacerbate climate vulnerability of species and ecosystems by reducing their adaptive capacity.  
 
Human resettlement is occasionally required to make way for dams, which serve to secure potable 
water or mitigate flood impacts for vulnerable communities (Hirji and Davis 2009, Watts et al. 
2011). These constructions impose additional indirect climate impacts by increasing temperature-
related stress in aquatic organisms (Preece and Jones 2002) and blocking animal migrations 
(Raymond 1979). Sea walls and other physical barriers humans construct to protect themselves 
from storm surge events, flooding and coastal erosion can similarly result in damage to coastal 
ecosystems without appropriate planning (Dugan et al. 2008). However, there are more 
biodiversity-friendly options for coastal defence that are being adopted by local communities and 
governments, such as restoring or conserving mangrove and coral ecosystems (Barbier et al. 2008), 
which could enhance species and system adaptive capacity to climate change by providing vital 
nursery habitat for marine organisms (Barbier et al. 2011) and connecting remnant mangrove 
communities. The Chinese government recently restored several thousand square kilometres of 
floodplains to attenuate climate variability and flooding impacts. This process involved the removal 
of dikes and other hard structures, allowing for improved water quality and conservation of 
threatened species (Pittock and Xu 2013). 
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Indirect impacts are increasingly likely in drought-affected arable landscapes. Increased ground 
water extraction for agriculture or human consumption exacerbates drought impacts on endemic 
cave dwelling species (Shu et al. 2013). After ground forage has been exhausted during drought 
events, livestock owners in Queensland, Australia are left with little choice but to clear large areas 
of mulga (Acacia aneura) forest for livestock, which use the tree’s phyloids as fodder (Everist et al. 
1958). While this practice has a relatively benign effect on plant diversity (Fensham et al. 2012), the 
indirect impacts on dependent bird, small mammal and invertebrate communities in times of 
drought is unknown. There is also potential for climate-imperiled species to benefit from some 
human response to drought. Agricultural land abandonment due to climate-driven crop failures 
(Feng et al. 2010) may enable species to inhabit or move through previously impermeable 
landscapes (Bowen et al. 2007, Smallbone et al. 2014). 
Some well-intentioned human efforts to limit greenhouse gas emissions have led to perverse 
biodiversity consequences. Palm oil plantations, many of which are grown to produce biofuel, now 
cover over 13 million hectares of the earth’s surface (primarily in South-East Asia) (Danielsen et al. 
2009). As these plantations continue to replace tropical rainforest, they impose restrictions on the 
range of climate adaptation responses for forest dependent species. Recognising the biological and 
climate impacts of tropical forest clearance, climate change mitigation strategies have started to put 
a monetary value on intact tropical rainforest through programs such as Reduced Emissions from 
Deforestation and forest Degradation (REDD+) (Brodie et al. 2012, Venter and Koh 2012). REDD+ 
is one human response that has large positive potential for increasing species adaptive capacity, as it 
may enhance conservation efforts in the world’s most biodiverse ecosystem. 
 
Integrating human responses to climate change into vulnerability assessments  
Social-ecological system (SES) frameworks play a critical role in linking land and seascapes with 
human behavior, and are valuable tools when predicting how complex system dynamics will play 
out over long time-scales (Holdo et al. 2009, Ban et al. 2013). These frameworks enable explicit 
modeling of how human responses to climate change influence species or ecosystem vulnerability 
to climate change (and vice versa), which make it a very useful approach to integrating indirect 
impacts of climate change into conservation vulnerability assessments. SES frameworks have been 
increasingly used to great effect in the tropical marine conservation realm to expose the high degree 
of co-dependency between the social and ecological systems – where vulnerability to climate 
change is visibly and quantitatively influenced by each system (Cinner et al. 2013, Maina et al. 
2015). These models are also usefully applied when evaluating and selecting between different 
adaptation actions (McClanahan et al. 2008). 
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The challenge for the conservation science community is to capture within vulnerability 
assessments the indirect impacts of humans responding to climate change when social-ecological 
models are not available for the species or site of conservation interest. One obvious way for doing 
this is to utilize existing information from other, non-conservation and non-natural resource 
management sectors, on likely human actions under different scenarios of climate change. Where 
this information is spatially-explicit, it is possible to undertake conservation vulnerability 
assessments that integrate how landscapes or seascapes may be modified as humans respond to 
climate change, and how these modifications can influence dispersal pathways and climate refugia  
(Pacifici et al. 2015).  
The United Nations Framework Convention on Climate Change (UNFCCC) coordinate National 
Adaptation Programmes of Action (NAPA), which identify urgent and immediate actions needed in 
the least developed countries to prevent damaging impacts from climate change (UNFCCC 2009). 
The actions proposed in NAPAs involve land-use change (e.g. coastal reforestation in Bangladesh 
and Cambodia, dam construction in Burundi and Lao), future land acquisitions, and population 
displacement and resettlement (McDowell 2013). Such actions are highly relevant to conservation 
efforts and spatially-explicit information sourced from funded NAPA projects would provide 
valuable insight into human-climate adaptation that is likely to influence species and ecosystems 
vulnerability to climate change in surrounding regions. Wheeler et al. (2011) provide another freely 
available dataset that ranks 233 countries according to their vulnerability to weather-related 
disasters, sea-level-rise and loss of agricultural productivity. The dataset acts as a decision making 
tool for donors who wish to identify and fund the most cost-effective adaptation actions within 
countries, and thus may help identify where and how human adaptation efforts will be undertaken.  
Government planning documents used in concert with predictions of agricultural suitability under 
climate change (Tubiello et al. 2007) can provide realistic scenarios of where future agricultural 
expansion is likely to occur. Laurance et al. (2014) mapped global regions where the expansion of 
transportation routes are likely to have large social and agricultural benefits under future climate 
change (for more information, see www.global-roadmap.org). Such information could be usefully 
applied when assessing climate vulnerability of species, particularly those reliant on dispersal 
ability to adapt to climate change.  
There are now some examples, when spatially explicit data on likely human responses is available, 
of how likely human responses to climate change can be integrated into climate-smart vulnerability 
assessments. Segan et al. (2015), for example, used the mean impact of climate change on human 
populations forecasted in 2050 (as assessed by Midgley et al. (2011)) to inform the climate 
vulnerability on threatened bird species and Important Bird Areas (Evans and Fishpool 2001) across 
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southern Africa. A key finding of this study was that one-fifth of species, and one-tenth of sites 
previously thought to be at relatively low vulnerability to climate change shifted to high 
vulnerability when the likely indirect impacts of climate change integrated into the assessment 
(Segan et al. 2015). However, these types of assessments are still rare, and additional studies that 
utilise information on where human populations are likely to respond to climate change to inform 
species and ecosystem range changes (Rondinini et al. 2011, Barbet-Massin et al. 2012) and 
extinction risk (Keith et al. 2008) are needed to improve our understanding of how indirect impacts 
of climate change effect the vulnerability of conservation targets.  
 
Revise conservation goals and objectives 
In the context of climate-smart conservation, a ‘goal’ refers to an overarching vision as to why 
conservation effort is needed (e.g. to make harlequin frogs (Atelopus sp.) less vulnerable to climate 
change), but does not specify what will be done to achieve the vision. An ‘objective’ refers to a 
more specific statement about what can be done to meet the goal (e.g. secure cool and wet 
microhabitats). Put together, goals and objectives frame the design, implementation and 
measurement of conservation actions, and setting appropriate goals and objectives is critical to 
arrive at the desired conservation outcomes (Cross et al. 2012, Stein et al. 2014). There are at least 
two broad reasons why it is important to revise goals and objectives after integrating indirect 
impacts of climate change into vulnerability assessments (Step 3 in Figure 3.2).  
First, if human responses to climate change found to exacerbate species or ecosystem vulnerability 
to climate change, conservation goals must be revised to adequately focus on those species or sites 
perceived to be under threat by this response. Segan et al. (2015) showed that climate change 
clearly poses a threat to the endangered long-tailed ground-roller (Uratelornis chimaera), but that 
threat was only apparent when likely human responses to climate change were incorporated into the 
vulnerability assessment (the species was not vulnerable to the direct impacts of climate change) 
(Figure 3.2C). Similarly, in Manus Island (Papua New Guinea), a recent assessment showed that 
many of the coral reefs that were considered not very vulnerable to the direct impacts of climate 
change, became vulnerable  when considering likely human responses of nearby fishing villages 
(Maina et al. 2015). In instances such as these, failing to revise goals and objectives to focus on the 
indirect impacts of climate change will lead to inefficient allocation of conservation resources, or 
the selection of conservation actions that do not address the most pressing threats to species 
persistence.  
Second, there will be cases when human responses to climate change will make it very difficult or 
impossible to reach the goals and objectives that were originally agreed. In the Virunga National 
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Park in eastern Democratic Republic of the Congo, for example, the economic and physical 
displacement of people in response to changing crop suitability with climate change (Seimon et al. 
2011, Bradley et al. 2012) undermines efforts to conserve critically endangered Virunga mountain 
gorillas (Gorilla beringei beringei) (Maekawa et al. 2013). In 2007, ten gorillas were massacred to 
send a message to the park staff not to interfere with other economic interests in the park (Figure 
3.2D) (Refisch and Hammill 2012).  
A more pragmatic conservation goal in this case may be engage with the human community to 
reduce their vulnerability to climate change via ecosystem-based adaptation strategies (UNFCCC 
2011) and by doing so, mitigate indirect impacts of climate change on conservation targets. Other 
human-orientated conservation goals include sustaining or restoring key ecosystem services (e.g., 
pollination, water purification or carbon sequestration), maintaining sustainable levels of 
harvestable or extracted resources (e.g., fish, timber), or providing physical protection from extreme 
events (e.g. storm surges and flooding), and are likely to be important to consider in these 
circumstances (Skroch and Lopez-Hoffman 2010, UNFCCC 2011, Ingram et al. 2012, Stein et al. 
2014). 
 
Identify possible adaptation actions based on revised goals 
Conservation actions lay out how objectives and goals are to be achieved. Here we discuss actions 
to avoid, mitigate, and offset the indirect impacts of climate change on conservation targets. The 
particular action, or suite of actions chosen to address indirect impacts will always be context 
dependent, but they generally fall into one of three broad strategies: resistance actions, actions that 
accommodate change, and actions that simultaneously address the vulnerability of people and 
biodiversity (Figure 3.5). These strategies are not mutually exclusive, and adaptation efforts may 
adopt multiple actions from more than one strategy, or a single action that itself spans more than 
one strategies. 
 
Resistance actions 
Indirect impacts can be mitigated by resisting human responses to climate change in regions of 
conservation importance. Resistance actions aim to increase the adaptive capacity of species and 
ecosystems relative to a scenario where humans could potentially respond to climate change 
without being restricted by these actions. For example, Bradley et al. (2012) found that areas set 
aside for biodiversity conservation in South Africa are likely to be increasingly exploited for food 
and fuel under future climate change. One option to combat this is to invest in stronger enforcement 
of extractive-use regulations within reserve boundaries (e.g. anti-poaching patrols (Figure 3.2E)). 
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Furthermore, Visconti et al. (2011) coupled predictions of climate-induced land use change (as 
assed by IMAGE 2.4) (Bouwman et al. 2007) with habitat suitability models to identify regions 
where local extinction of terrestrial mammals is highly likely. Resisting such indirect impacts could 
involve expanding or establishing new protected areas in places that are likely to be impacted by 
humans in the future.  
 
 
Figure 3.5 Schematic diagram of how indirect climate change impacts can be integrated into step 
four and five of the climate-smart conservation cycle – identify possible adaptation actions and 
evaluation and selection of actions. Colours in vulnerability diagrams reflect those in Figure 3.3. 
Vulnerability diagrams on the left represent species or ecosystem vulnerability to the indirect 
impacts of climate change, while circle diagrams on the right represent climate vulnerability for 
human communities in the same region. Solid lines in circle diagrams measure elements of 
vulnerability before action is taken to address indirect impacts of climate change. Dashed lines in 
circle diagrams measure potential changes in elements of vulnerability after action is taken to 
address indirect impacts of climate change. ‘Risk’ is defined as the likelihood and consequence of 
actions failing to achieve conservation goals and broader societal values and needs under climate 
change, and ‘complexity’ as the amount of knowledge and resources required to implement an 
action.
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Accommodating change 
Actions that accommodate change are designed to help move a species or ecosystem from one state 
to another (Morecroft et al. 2012). When used to address indirect climate change impacts, these 
actions essentially aim to offset losses in species and ecosystem adaptive capacity in places where 
humans have increased their impacts, by restoring adaptive capacity in places where humans are 
reducing their impacts. Forecasts show that suitable conditions for current crops are likely to shift 
with climate change (e.g. sugar maple (Brown et al. 2015) and wine (Hannah et al. 2013)) while 
others predict that currently unsuitable areas will become increasingly suitable, suggesting that 
agriculture may intensify or shift into these regions (Ramankutty et al. 2002).  
Shall these shifts eventuate, they will allow for novel opportunities to restore land previously used 
for agriculture. Restoration can occur passively should the soil of abandoned land still house a 
viable seed bank, or if natural vegetation exists within the dispersal distance of the native species 
(Morrison and Lindell 2011). For large areas that have been farmed for a long period, more 
intensive active restoration action efforts will likely be required to restore a functioning native 
ecosystem (Smallbone et al. 2014). These restoration opportunities are not limited to terrestrial 
areas. For instance, as fish distribution (Sumaila et al. 2011) and associated fishing effort shifts with 
climate change (Pinsky and Fogarty 2012), opportunities for restoration will also arise in marine 
and freshwater environments that see reduced visits by destructive fishing fleets.  
In regions where humans are reducing their impact, planners may choose to reintroduce a species 
that has previously gone been extirpated (Schwartz and Martin 2013), release individuals into an 
existing population of conspecifics to enhance population viability (termed ‘reinforcement’) 
(Seddon et al. 2014) or translocate species based on their direct climate vulnerability (McDonald-
Madden et al. 2011, Schwartz and Martin 2013). Other opportunities to promote change may arise 
from the abandonment and potential decommissioning of ecologically damaging infrastructure. For 
instance, changing demands for water and hydro-electric power in North America is increasingly 
presenting opportunities to remove dams that impede the movements of migrating salmon, though 
dam removal still represents a challenging undertaking (Stanley and Doyle 2003).  
 
Dual benefits  
The final strategy to combat indirect impacts of climate change on biodiversity involves working 
with human communities to reduce their own vulnerability to climate change, and particularly with 
the poorest and most vulnerable communities who have immediate adaptation needs (Chong 2014). 
These actions explicitly aim to increase human adaptive capacity in ways that also increase the 
adaptive capacity of conservation targets. A plethora of ecosystem service approaches to climate 
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adaptation have emerged that use elements of nature to buffer human communities against the 
adverse impacts of climate change (e.g. ecosystem-based adaptation (Jones et al. 2012), payments 
for ecosystem services (Manzo-Delgado et al. 2014), integrated island management (Jupiter et al. 
2014)) and are heralded as promising approaches to finding dual benefit solutions when 
environmental problems threaten human communities.  
There are many examples of dual benefit actions being used to great effect to address climate 
change impacts. Mangrove forests are being established and conserved in the Philippines to 
increase coastal resilience to storm surges, flooding and erosion (Alongi 2008). Similar actions are 
have been implemented around primary water sources in Haiti to reduce erosion and landslides to 
secure continued supply of potable water for local people (Birdlife International 2010). Fishing 
communities across Melanesia depend heavily on marine resources for their livelihoods, and have 
established locally managed marine protected areas in an effort to bolster coral diversity and likely 
resilience to climate change (Hughes et al. 2003, Jones et al. 2012, Weeks and Jupiter 2013). 
CASCADE (Central American Subsistence and Coffee farmer ADaptation based on Ecosystems) is 
a research project run by Conservation International that aims to help vulnerable smallholder coffee 
farmers adapt to climate change in Costa Rica, Honduras and Guatemala with the use of ecosystem 
service approaches (Figure 3.2G) (Conservation International 2014). Dual benefit actions can be 
implemented at the community level, as in the previous examples, or as a top-down strategy led by 
governmental bodies. For example, the Chinese government offer payments to landowners to 
increase or restore forests on steep slopes, or in areas subject to desertification, a strategy that has 
led to globally significant forest expansion (Food and Agriculture Organization of the United 
Nations 2010). 
 
Evaluate and select adaptation actions 
The next step in the climate-smart cycle is to evaluate and select which action, or suite of actions, is 
most likely to deliver your revised conservation goals and objectives. We propose that actions to 
combat indirect climate change impacts should be evaluated across at least two broad criteria – risk 
and feasibility. Here we define ‘risk’ as the probability that actions fail to achieve conservation 
goals and broader societal values and needs under climate change, and the likely consequences of 
this failure (Burgman and Yemshanov 2013). ‘Feasibility’ refers to how practicable or realistic is it 
to implement alternative actions from a knowledge, resource and legal standpoint. These evaluation 
criteria are drawn from the decision science literature which has shown their consideration increases 
the likelihood of actions being implemented, and the capacity to measure conservation progress 
over time (Joseph et al. 2009, Wilson et al. 2009, Stein et al. 2014). Here we provide a hypothetical 
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assessment of risk and feasibility levels associated with resistance, change and dual benefit actions 
to address indirect climate change impacts.  
 
Risk  
Perhaps the most obvious thing to consider when deciding between alternative actions is how likely 
an action is to achieve conservation goals and objectives. While the three broad strategies proposed 
in Figure 3.5 all have the potential to reduce species and ecosystem vulnerability to indirect climate 
change impacts, the realised magnitude of these effects will depend on a number of important 
ecological factors, including but not limited to species disease dynamics, landscape patterns and 
natural disturbance regimes, population size and structure of target species and the quality of habitat 
maintained or restored (Blaustein and Kiesecker 2002, Stein et al. 2014). However, a paradox of 
conservation efforts is that social variables (e.g. human wellbeing, cultural values, and economic 
output) often underpin their effectiveness (Cowling and Wilhelm-Rechmann 2007, Stephanson and 
Mascia 2014, Maina et al. 2015). Actions taken to conserve biodiversity sometimes conflict with 
human needs and interests, and when these conflicts are ignored in climate adaptation planning, 
conservation actions stand little chance of being implemented effectively (Ban et al. 2013, 
Stephanson and Mascia 2014). Thus it is important when evaluating risk of alternative actions to 
also consider how well they satisfy societal values and needs under climate change.  
Studies regularly identify protected areas and effective enforcement of conservation laws as being 
crucial to conservation success (Bruner et al. 2001, Hilborn et al. 2006, Craigie et al. 2010, 
Tranquilli et al. 2012, Watson et al. 2014). Where human responses to climate change are likely to 
erode biological values, there may be options for conservation practitioners to resist this erosion 
through resistance actions such as the expansion of existing protected areas or the better 
enforcement of existing ones. However, resistance actions such as these essentially aim to interfere 
with ‘natural’ human responses to climate change as they exclude a range of adaptation options that 
could have been undertaken. By doing so, these actions can inadvertently reduce human’s capacity 
to adapt to climate change, making them more vulnerable to its impacts. Hence when used to 
combat indirect climate change impacts, we view resistance actions to be the most risky when 
compared with change-oriented and dual benefit actions. This is particularly the case for 
communities that are poorly equipped to cope with even short-term restrictions on resource use 
imposed by resistance actions (McClanahan et al. 2008). At the same time, resistance actions may 
be less risky when the adaptive capacity of nearby communities is high, enabling them to readily 
adapt to conservation restrictions and take advantage of new opportunities, such as increased 
tourism (McClanahan et al. 2008).  
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A resistance action that inadvertently increases human vulnerability to climate change can lead to 
perverse environmental outcomes, where climate-imperiled human communities ignore or break 
conservation regulations out of desperation, or simply shift the impacts of human adaptation 
elsewhere. Such actions are also more likely to foster hostile human communities who feel that 
environmental welfare was chosen over their own, undermining future engagement with 
conservation efforts, or more worryingly, potentially leading to cases when people intentionally 
jeopardise conservation efforts out of spite (West and Brockington 2006, West et al. 2006). Some 
resistance actions, especially those that involve expanding or gazetting new protected areas, are 
made more risky when they rely on uncertain predictions of climate-induced human migration or 
land use change. Resisting human responses requires being able to predict how they are likely to 
unfold without conservation intervention, which can be challenging. However, this risk can be 
reduced through the use of detailed human adaptation plans, or by developing more robust models 
of likely human adaptation actions.  
 Actions that accommodate change avoid some of the risk associated with resistance actions 
because they do not interfere with natural societal responses to climate change and do not 
necessarily require human responses to be predicted before they unfold. However, permitting 
communities to adapt as necessary means indirect impacts on biodiversity go unchecked outside 
regions were conservation actions are being carried out, which makes achieving conservation goals 
challenging at large spatial scales. Restoration actions are often used as an accommodation oriented 
strategy, and imply long time delays and a low certainty of recreating ‘pristine’ or fully ‘natural’ 
biodiversity values needed for climate adaptation (Bekessy et al. 2010, Shoo et al. 2011, Maron et 
al. 2012). In the best case, ecosystem restoration can enable species richness to recover to pre-
disturbance levels within a century, while enabling a similar set of species to return can take about 
twice as long (Curran et al. 2014). Active restoration significantly accelerates these recovery times 
(Curran et al. 2014) but potentially not enough to bring about timely reductions in a conservation 
targets’ vulnerability to climate change. Despite success being more likely if individuals are 
released into high quality habitat, or in the centre of a species’ range, reviews of reintroduction and 
reinforcing actions have revealed failure rates to be as high as 77%, where failure is the inability to 
establish a self-sustaining population (Griffith et al. 1989, Wolf et al. 1998, Seddon et al. 2014). 
Hence, while actions that accommodate change do not need to compete with societal needs under 
climate change, the strategy remains moderately risky in terms of its ability to deliver on 
conservation goals and objectives.  
Dual benefit actions are, at least hypothetically, a relatively low risk approach to combating indirect 
climate change impacts because they provide practitioners with a platform to understand 
89 
 
community needs and values under climate change, and importantly, an avenue to help shape their 
response (Roberts et al. 2012). The concept of ecosystems providing essential services for human 
survival has been successful in increasing the importance of nature conservation on policy agendas 
worldwide (Gomez-Baggethun et al. 2010, Skroch and Lopez-Hoffman 2010). However, dual 
benefit actions are still in their infancy and their ability to effectively reduce cl imate vulnerability 
for both humans and conservation targets remains uncertain (Doswald et al. 2014). Furthermore, 
some have argued that dual benefit actions are constrained in terms of what they can do for climate-
imperilled species (McCauley 2006, Ghazoul 2007, Redford and Adams 2009). For the realised risk 
associated with dual benefit actions to remain low, conservation goals and objectives cannot be 
over-compromised or forgotten in the pursuit of societal needs under climate change.  
 
Feasibility  
Evaluating the feasibility of alternative actions is not intended to guide practitioners toward 
implementing only the simplest actions, but rather to help them identify barriers and obstacles to 
actions being effectively implemented in the real world that may have otherwise been ignored. 
Common criteria for assessing feasibility include technical and knowledge demands (Nichols and 
Williams 2006), direct costs and opportunity costs (Bottrill et al. 2008, McDonald-Madden et al. 
2010), information availability (Maxwell et al. 2015b) and consistency with existing laws and 
policy (Stein et al. 2014). While some of these criteria can be used to compare among alternatives 
(e.g. the relative technical demands of each action), others may be an absolute limitation that 
actions can not violate (e.g. legalities) (Stein et al. 2014). It is difficult to generalise on how 
practicable resistance, accommodation and dual benefit actions are without knowing the specific 
ecological and social context in which they are implemented. Nonetheless, our hypothetical 
assessment of the relative feasibility of these three broad strategies is as follows.  
We consider a resistance strategy to be the most feasible approach to combat indirect climate 
change impacts because it involves actions that the conservation community have already employed 
across broad scales and for multiple decades. Expanding or designating new protected areas 
requires significant ecological information, but much of this information can be found in large, 
publically available data sets (IUCN 2014). Furthermore, designing effective marine and terrestrial 
protected areas is made easier with free and readily available decision-support tools (e.g. Marxan 
with Zones) (Watts et al. 2009, Segan et al. 2011, Watson et al. 2011). At the same time, the heavy 
financial demands to purchase and manage protected areas can reduce their feasibility in some 
regions (Watson et al. 2014). Improving the enforcement of conservation laws and regulations can 
be achieved simply by increasing on-the-ground personal, although this is expensive, and 
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optimizing enforcement efforts to be more cost-effective presents a substantial challenge for 
conservation (Plumptre et al. 2014).  
Using conservation actions to accommodate change is a relatively young and untested approach to 
climate adaptation. Although there is a large literature on restoration ecology, which includes 
identifying priority regions for restoration (Shoo et al. 2011), there is little consensus on what the 
best restoration approaches are (e.g. passive versus active restoration) (Shoo and Catterall 2013), 
which it is often site and context dependent (Suding et al. 2004, Curran et al. 2014). The lack of 
predictive tools and general conceptual framework to guide restoration mandates careful and 
precise analysis before implementation, particularly for restoration in ecologically and socially 
complex regions (Wang et al. 2015). Reintroduction and reinforcement efforts are also knowledge 
and resource intensive, and require a formal decision process to evaluate the potential benefits and 
risks (Schwartz and Martin 2013).  
Relative to actions that promote resistance and change, we consider dual benefit actions to be the 
least feasible approach to addressing indirect climate change impacts because they require broad 
skills across not only conservation practice but also human development practice. Moreover, a 
variety of policy and legal barriers can pose significant challenges to operationalizing dual benefit 
actions (Chong 2014), as can unstable technical capacity within government departments (Hills et 
al. 2013). However, the success of dual benefit actions ultimately depends on the ability to 
effectively engage human communities with nature-based solutions to environmental problems, 
which demands a comprehensive understanding and analysis of human behavior, values and needs. 
While engaging in the needs of local communities and utilizing their traditional ecological 
knowledge is the norm in places like Melanesia (Jupiter et al. 2014, Gurney et al. 2015), many 
conservation scientists have little or no formal background in sociology, which often makes this a 
daunting task. However, dual benefit actions could be made more feasible with the use of 
negotiation tools that facilitate effective environmental agreements between conflicting 
stakeholders (Maxwell et al. 2015a) or learning from how numerous community conservation 
programs have met or failed to meet human needs in the past. 
 
Conclusion  
Conservation efforts largely target anthropogenic threats, especially those that lead to habitat loss 
and overexploitation of natural resources and pollution (Baillie et al. 2004, Evans et al. 2011). 
There has been rapidly increasing efforts to understand and plan for the direct impacts of climate 
change on species and ecosystems. Only recently has it become clear the climate change is shifting 
anthropogenic threatening processes around the land and seascape – demanding a new perspective 
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on climate adaptation efforts. As the first real impacts of human-forced climate change are being 
felt across Earth (IPCC 2014a) we now need to progress to thinking about how changes in human 
behaviour as a result of climate change will present new threats, and also new opportunities, for 
conservation. Integrating these indirect impacts of climate change into conservation vulnerability 
assessments will require the strengths of social-ecological system models, and drawing on 
information from other, non-ecological sectors on likely human responses climate change. 
Conservation goals and objectives will need to be revised to ensure they are pragmatic and capture 
species and ecosystems that are vulnerable to indirect climate change impacts. Addressing indirect 
impacts will require a portfolio of actions that either promote resistance, accommodate change or 
identify dual benefits for biodiversity and human wellbeing. Here we have provided a framework 
and an initial assessment of the risk and feasibility associated with these alternatives. Determining 
actual risk and feasibility levels will require greater implementation and monitoring of how these 
alternatives perform in the real world. Addressing indirect impacts using the climate-smart 
conservation cycle outlined in this review will ultimately permit more realistic assessment and 
pragmatic planning for conservation needs in the near future. 
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Abstract 
Retaining the many societal benefits of intact tropical forests will require understanding how 
alternative conservation measures contribute to their protection. State-run and indigenous protected 
areas carry different management objectives, but both will play an important role in global efforts to 
halt the degradation of large, intact forest ecosystems over the coming decades. The relative 
effectiveness of these two protected area types, however, has not been well studied. We use 
matching techniques to estimate the amount of deforestation that was avoided between years 2000 
and 2014 in Brazilian state-run and indigenous protected areas. State-run protected areas covered 
more area than indigenous protected areas (657,594 versus 568,939 km2) in this study period and, 
on average, had higher rates of deforestation than indigenous protected areas (1.3 vs. 0.7%). We 
find that while both protected area types effectively reduced deforestation, state-run protected areas 
outperformed indigenous protected areas: approximately 18% of forest cover inside state-run 
protected areas would have been lost in the absence of protection, while indigenous protected areas 
prevented the removal of around 4% of forest cover. We also find that estimates of protected area 
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effectiveness are not confounded by deforestation spill over into nearby unprotected areas. These 
findings support the use of state-run protected areas in global efforts to retain intact, high quality 
tropical forests. Maintaining the effectiveness of indigenous protected areas will also be critical to 
conserving tropical forests in coming years, particularly if political instability in tropical nations 
continues to undermine environmental protection.  
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Introduction 
Humanity relies on the persistence of healthy, intact forested landscapes (Watson et al. in press). In 
their many forms, forests provide vital services to people, including the provision of clean air, water 
and soil (Foley et al. 2005, Mackey et al. 2015). Tropical forests, in particular, play an important 
role in the global carbon cycle, offering a partial solution to climate change (Houghton et al. 2015), 
while constituting some of the most diverse and complex terrestrial ecosystems on the planet 
(Gibson et al. 2011, Laurance et al. 2012). And despite their reliance on healthy forested landscapes 
for thousands of years, the significance of forests for many traditional indigenous groups has only 
recently begun to receive the scientific and broader societal attention it deserves (Newton et al. 
2016). Retaining the many benefits and services of forests into the future will require their effective 
protection today.  
Forested landscapes are primarily conserved through the establishment of protected areas (UNEP-
WCMC and IUCN 2016). Protected areas are managed under different objectives to achieve 
particular environmental and social outcomes. State-run protected areas, those established and 
managed by national governing bodies, dominate the global protected area network in terms of 
number and area. The management objectives of state-run protected areas vary from strict 
restrictions on land use and resource extraction (i.e. IUCN category I-IV) to the sustainable use of 
natural resources (i.e. IUCN category V-VI) (Dudley 2008, Dudley et al. 2010). Over recent 
decades, wider recognition of cultural ties to forested landscapes has led to an expansion of 
indigenous protected areas, those established and managed by indigenous peoples or local 
communities. Indigenous protected areas are established primarily to safeguard the rights and 
livelihoods of indigenous people (IUCN and UNEP-WCMC 2016), but also offer potential dual-
benefits for environmental values, such as carbon storage (Soares-Filho et al. 2010) and fire 
management (Nepstad et al. 2006). As such, indigenous protected areas may become a more 
prevalent conservation feature in forested landscapes in the coming years.  
Both state-run and indigenous protected areas attract substantial financial and resource expenditure 
from international donors (CPF 2012, Parker et al. 2012 ). While falling well short of what is 
required to effectively halt global biodiversity loss (USD$76 billion annually (McCarthy et al. 
2012), protected area establishment and management attracts around USD$4-6 billion annually 
(James et al. 2001, McCarthy et al. 2012). Understanding how they contribute to conservation 
outcomes is therefore an important scientific and management question to resolve. To date, studies 
of protected area performance have primarily focused on state-run protected areas. With few 
exceptions (Liu et al. 2001, Curran et al. 2004, Clark et al. 2013), such studies typically show how 
protected areas effectively repel deforestation pressure (e.g. (Geldmann et al. 2013, Green et al. 
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2013, Carranza et al. 2014, Spracklen et al. 2015)). Fewer studies, however, have evaluated avoided 
deforestation from indigenous protected areas (but see (Nepstad et al. 2006, Chhatre and Agrawal 
2009, Carranza et al. 2014, Pfaff et al. 2015)), leaving questions about their role in forest 
conservation strategies. Furthermore, the relative effectiveness of state-run and indigenous 
protected areas remains unclear.  
Brazil has more indigenous protected areas than any other nation (720 as of September 2017 
(UNEP-WCMC and IUCN 2016)). Brazil is also home to tropical forests of international 
significance for biodiversity and carbon storage (Soares-Filho et al. 2010, Gibson et al. 2011). 
However, forests in Brazil are subject to some of the most intense land clearing rates in the world, 
with clearing typically occurring to fuel expansion of cropping and grazing land (Gibbs et al. 2010). 
Recent political instability has also led to a weakening of environmental regulations, with protected 
area planning being revoked or reduced (Fearnside 2016, Crouzeilles et al. 2017). As a result, the 
pressure to deforest inside Brazilian protected areas is likely to increase in coming years.  
Here we estimate avoided deforestation from state-run and indigenous protected areas in Brazil 
between years 2000 and 2014 – a time frame for which consistent and high-quality resolution data 
on forest cover change was available. We control for observable bias in known drivers of 
deforestation using matching techniques, and measure spatial spill over of deforestation into areas 
in close proximity to protected area boundaries. Beyond the different types of management 
considered, this study expands on previous studies of protected areas effectiveness in Brazil by 
estimating deforestation impacts at a national-scale, and for a longer time period. The study aims to 
improve our understanding of which conservation measures have helped resist deforestation 
pressure in an internationally significant forested landscape. 
 
Methods 
Identification of protected areas and sample plots  
We considered in our analysis Brazilian protected areas that are particularly important for 
conservation, based on their size and the presence of forest. Specifically, protected areas included in 
our analysis; (1) were nationally designated prior to the year 2000, (2) at least 5km2 in size, (3) had 
≥ 10% forest cover in the year 2000, and (4) either classified as IUCN Category I-VI or governed 
by indigenous peoples. Digital boundaries for the state-run and indigenous protected areas that fit 
these inclusion criteria were downloaded from the World Database on Protected Areas (UNEP-
WCMC and IUCN 2016). Overlapping protected area boundaries were resolved by retaining the 
latest boundary designation.  
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We created two buffer zones around protected area boundaries. An inner buffer zone (0-5 km from 
protected area boundary) was created to assess deforestation patterns on land in close proximity to 
protected areas, from which estimates of deforestation spill over could be derived. An outer buffer 
zone (5-50km from protected area boundary) was created to assess background deforestation rates 
on unprotected lands. Inner and outer buffer zones were clipped to include only those areas that 
remain unprotected as of September, 2017. Sample points within protected area boundaries and the 
two buffer zones were identified by taking a random draw of 10,000 land plots from each zone (i.e. 
30,000 land plots in total), where land plots were spaced at least 200 meters apart. Protected area 
boundaries and sample points were prepared in ArcGIS using a Cylindrical Equal Area projection.  
 
Measuring deforestation 
 Forest cover and loss data were downloaded from the Global Forest Change (GFC) dataset (Hansen 
et al. 2013). Version 1.3 of the GFC dataset makes publically available moderate-to-high resolution 
(approximately 30 m at the equator) spatial information of global forest dynamics between years 
2000 and 2014. We quantified forest cover at all sample points in the year 2000, retaining only 
those points with >10% coverage (in accordance with the standard FAO definition of forests). We 
then recorded a binary measure of forest change between years 2000 and 2014 at all remaining 
forested sample plots, where forest loss was coded as 1, and forest retention was coded as 0.         
 
Controlling for overt bias  
Spatial biases are prevalent in the location of protected areas (Venter et al. 2017). We controlled for 
differences among protected and unprotected sample plots by collecting data on variables 
consistently found to affect deforestation: elevation, agricultural suitability and distance to roads. 
Sample plot elevation was measured using the global multi-resolution terrain elevation dataset 
(GMTED2010) (Danielson and Gesch 2011). Maximum agricultural suitability between years 1981 
and 2010 at each sample plot was extracted from data provided by the GLUES (Global Assessment 
of Land Use Dynamics, Greenhouse Gas Emissions and Ecosystem Services) Project (Zabel et al. 
2014). Distance to roads at each sample plot was derived from gROADS (Global Roads Open 
Access Data Set) (Version 1) (CIESEN 2013). Sample plots inside protected area boundaries were 
then matched with two unprotected plots at least 1 km away. Matching methods (i.e. propensity 
score matching) can help strengthen causal arguments in observational studies by reducing selection 
bias in treatment and control sample sites. Matching methods are being increasingly applied as one 
way to establish cause-effect relationships with non-experimental data. We use matching methods 
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to reduce selection bias in protected (i.e. treatment) and unprotected (i.e. control) sample plots 
based on their elevation, agricultural suitability and distance to roads. We employed nearest 
neighbour matching using the Mahalanobis distance metric without callipers. Matching was 
performed with replacement and bias adjustment using the ‘MatchIt’ package in R.  
 
Statistical analysis of deforestation trends and spill over effects  
After applying matching methods, we calculated avoided deforestation due to protected area 
establishment, which were the difference between the change in forest cover on protected plots and 
the change in forest cover on matched control plots in during the study period (2000-2014) (Andam 
et al. 2008). The difference in deforestation rates between protected and unprotected plots was 
statistically compared using a probit generalised linear model (GLM) with a binomial error 
structure. Our response variable was a binary measure of forest change between years 2000 and 
2014 (0 = retention, 1 = forest loss), while our predictor variable was sample site class (0 = 
unprotected, 1 = protected). Deforestation trends were analysed for all protected areas, and then for 
state-run protected areas and protected areas governed by indigenous peoples separately. We also 
tested for spatial spill over effects by comparing rates of deforestation in unprotected areas to areas 
in close proximity to protected areas (i.e. within 0-5 km). A positive result would suggest that 
deforestation rates are higher closer to protected areas than in areas father away (i.e. evidence for 
spill over). A negative result would indicate that protection afforded by protected areas extends 
beyond their boundaries. As an indicator of the explanatory power of deforestation models, we 
report the explained deviance or pseudo r2 value (1-residual deviance/null deviance) (Armsworth et 
al. 2013).    
 
Results  
State-run protected areas were more numerous (n = 408) and slightly more extensive (area = 
657,594 km2) than protected areas governed by indigenous peoples (n = 252, area = 568,939 km2) 
in year 2000 (Table 4.1; Figure 4.1). Indigenous protected areas were on average larger than state-
run protected areas (median size of 261 km2 vs. 114km2). Protected areas that permit a wider range 
of human activities (i.e. IUCN category V and VI) accounted for 65% of the area covered by state-
run protected areas.  
A total of 12,594 km2 of forest cover was removed from the protected areas between 2000 and 
2014, with 68% of this removal occurring in state-run protected areas (Table 4.1). State-run 
protected areas had on average higher rates of deforestation than indigenous protected areas (1.3% 
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vs. 0.7%), with IUCN category IV and Ia having the highest rates of deforestation among state-run 
protected areas (18.5% and 3.3% respectively).    
Annual deforestation rates inside protected areas gradually increased between 2000 and 2009 
(Figure 4.2). Beyond 2009, annual deforestation rates appear to increase rapidly inside protected 
areas. State-run and indigenous protected areas had similar annual deforestation rates between years 
2000 and 2011, but then appear to diverge in subsequent years, with annual forest loss declining 
inside indigenous protected areas between 2011 and 2014.  
Applying matching methods improved the balance of elevation, agricultural suitability and distance 
to road attributes among protected and unprotected (i.e. control) sites (Table 4.2). Prior to matching, 
agricultural suitability was much higher in control sites than protected sites (mean difference in 
suitability of -4.68). This difference reduced to 1.42 after applying matching methods. Control sites 
were also on average in closer proximity to roads than protected sites prior to applying matching 
techniques (0.55 km vs. 0.94 km). Matching reduced the mean disparity in distance to road between 
protected and control sites from 390 meters to 260 meters. Improving the balance of agricultural 
suitability and distance to road attributes among sample sites was important given that a probit 
model of protected area location showed these variables to significantly influence the siting of 
protected plots (Appendix 4.1). Elevation was shown to have little influence on the siting of 
protected areas, and was only marginally affected by matching methods.    
Figure 4.1 State-run and indigenous protected areas included in study. Protected areas shown cream 
were excluded from analysis as they were established after year for which deforestation data is 
available. 
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Table 4.1 Number, geographical extent and deforestation rates of Brazilian protected areas included 
in this study, aggregated by protection type. Deforestation rates are representative of forest loss 
inside protected areas between 2000 and 2014. Protected areas included in this study were those 
designated prior to year 2000, ≥ 5km2 in size and had ≥ 10% forest cover in the year 2000.  
 
  Area (km2) Deforestation 
Category No. PAs Total Median Range Area (km2) Relative (%) 
Indigenous  252 568,939 261 5 - 79,138 4,083 0.7% 
State-run       
     All  408 657,594 114 5 - 35,700 8,511  1.3% 
     Ia 79 64,834 49 5 - 9,427 2,113 3.3% 
     II 113 167,211 251 5 - 23,779  1,124 0.6% 
     III 2 304 152 10 - 294 1 0.3% 
     IV 14 572 14 5 – 132 106 18.5% 
     V 116 248,226 117 5 - 37,7000 4213 1.7% 
     VI 84 176,447 92 5 - 23,137 954 0.5% 
  
 
 
Figure 4.2 Annual deforestation rates inside all, state-run and indigenous protected areas in Brazil 
between years 2000 and 2014.  
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Table 4.2 Covariate balance of unmatched and matched sample points. Protected points were 
located inside protected areas. Control points were located between 5 and 50km away from a 
protected area boundary. All sample points were separated by at least 1km.    
 
 Mean value   
Variable Protected  Control  Difference in means Ave. raw eQQ 
Elevation     
     Unmatched 132.66 132.31 0.35 1.52 
     Matched 132.66 132.09 0.57 1.37 
Agricultural suitability     
     Unmatched 24.86 29.54 -4.68 4.75 
     Matched 24.86 23.44 1.42 1.88 
Distance to road      
    Unmatched 0.94 0.55 0.39 0.39 
    Matched 0.94 0.68 0.26 0.26 
 
Both state-run and indigenous protected areas were effective at reducing forest loss in Brazil. Our 
results imply that 9.76% of protected sites would have been deforested in the absence of protection 
(P < 0.01) (Table 4.3). This estimate of avoided deforestation is based on the difference between 
forest cover change on protected and matched control plots in during the study period (2000-2014). 
State-run protected areas were more effective at conserving forest than protected areas governed by 
indigenous peoples. Around 18% of sites in state-run protected areas would have been deforested in 
the absence of protection (P < 0.01), while indigenous protected areas avoided a 4.4% reduction in 
forested area inside their boarders. The variation explained by deforestation models ranged from 
10.2% (indigenous protected areas model) to 5% (state-run protected areas model). These estimates 
of model fit are quite reasonable given our chosen regression model (probit model regressing on a 
single independent variable). 
We found very little evidence for spill over of deforestation from protected areas into areas within 5 
km of a protected area boarder (Appendix 4.2). This result indicates that protected areas did not 
displace forest loss into nearby unprotected areas. Conversely, effective protection afforded by 
indigenous governance may extend beyond protected area boundaries (P < 0.01). The low 
goodness-of-fit measure for this model (pseudo r2 = 0.1), however, gives reason to question the 
reliability of this result.  
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Table 4.3 Avoided deforestation by Brazilian protected areas between years 2000 and 2014 (%). 
Estimates of avoided deforestation are derived from a probit model and represent odds ratios with 
95% confidence interval. All effect estimates were significant at P < 0.01. As an indicator of the 
explanatory power of the deforestation models herein, we report the explained deviance or pseudo 
r2 value (1-residual deviance/null deviance).  
 
  Sample plots (n)  
 Avoided deforestation Protected  Control  Var. explained 
All PAs 9.76% (8.07 – 11.68%) 8,757 17,514 7.6 
IUCN PAs 18.08% (14.28 –22.59%) 3,991 7,982 5.0 
Indigenous PAs 4.47% (3.16 – 6.11%)  4,766 9,532 10.2 
 
 
Discussion 
Our analysis shows that nearly 10% of protected forested area in Brazil would have been lost 
between years 2000 and 2014 in the absence of protection. After accounting for potential spill over 
effects, we confirm that this estimate of avoided deforestation is not confounded by displaced forest 
loss into nearby unprotected areas. The avoided deforestation rates reported here are slightly higher 
than previous studies that use similar methods to explore protected area effectiveness in South 
America. For example, Pfaff et al. (2015) report deforestation reduction estimates of up to 8% in 
protected areas under high deforestation pressure in Brazil’s Amazon. Similarly, protected areas in 
Costa Rica prevented the removal of up to 9% of enclosed forested area between 1960 and 1997 
(Andam et al. 2008). The higher estimates of effectiveness reported here may be explained by 
previous studies assessing regional-scale protected area effectiveness (i.e. the Amazon Basin (Pfaff 
et al. 2015)), while we study national-scale deforestation trends. We also assess deforestation trends 
over a longer period of time than previous studies focused on Brazil (15 years (this study) vs. 5 
years (Nolte et al. 2013) vs. 8 years (Pfaff et al. 2015)). Directly comparing model outputs from this 
study to those that preceded it are made difficult, however, by the fact that previous studies do not 
report measures of model goodness-of-fit. Taken collectively, however, studies that have used 
matching techniques to explore protected area effectiveness in South America provide strong 
support for the ongoing management and siting of protected areas to resist high deforestation rates 
occurring in unprotected lands.  
Despite having lower rates of deforestation than unprotected, biogeographically similar sites, the 
amount of deforestation inside state-run protected areas nearly doubled between 2009 and 2015 
(500km2 to 900km2). Relative amounts of deforestation were particularly high in strict state-run 
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protected areas (ICUN category IA (3.3% of total area) and IV (18.5%)). This finding conflicts with 
radical reductions in deforestation observed in unprotected lands in Brazil between 2005 and 2011 
(Tollefson 2012). The policy and monitoring efforts that led to these reduced deforestation rates 
ought to be praised and replicated elsewhere in the tropics (Seymour and Busch 2016). But results 
from this study highlight the need for new policy and management efforts that specifically reduce 
deforestation inside protected areas, particularly given the detrimental effects of forest loss on 
biodiversity (Laurance et al. 2012).  
State-run protected areas were more effective at conserving forest than protected areas governed by 
indigenous peoples. Whereas state-run protected areas prevented the removal of 18% of enclosed 
forest, 4% of forest cover inside indigenous protected areas would have been removed in the 
absence of protection. Pfaff et al. (2015) similarly report strict state-run protected areas (i.e. IUCN 
category I-IV) out-perform indigenous protected areas under high deforestation pressure in the 
Amazon (8% versus 5% avoided deforestation). Recent studies have argued that protected areas 
governed by indigenous peoples could offer more robust and persistent forest conservation than 
state-run protected areas, particularly when faced with high natural resource extraction demands, 
because they leverage local support to create and enforce protective regulations (Nolte et al. 2013, 
Newton et al. 2016). This argument will be tested in coming years should the Amazonian 
deforestation frontier continue to shift west into currently remote areas.  
Previous studies show empirical support for deforestation spill over is inconclusive. For example, 
Oliveira et al. (2007) found evidence for spill overs in the Peruvian Amazon. Yet Andam et al. 
(2008) showed deforestation spillovers from protected to unprotected forests in Costa Rica were 
negligible between 1960 and 1997, and Lui and Coomes (2016) showed that, between 2000 and 
2012, spill over did not occur on the edge 55 out of 60 studied protected spread across the tropics. 
This is one the first studies to explore spill overs near protected areas in Brazil and shows that they 
are negligible. It is possible that national approaches to protected area establishment and 
management influence patterns of deforestation spill over, yet this question remains largely 
untested. Furthermore, our results suggest that indigenous protected areas could have been more 
resilient to the political instability that occurred in Brazil in 2009-10. Future studies that explore the 
relative robustness of state-run versus indigenous protected areas to political instability would be 
beneficial, but would need appropriate ways to deal with time and spatial lags between instability 
and deforestation rates, and find effective ways to characterize political instability. 
Unstable politics has recently led to environmental regulations being rapidly wound back in Brazil 
(Fearnside 2016, Crouzeilles et al. 2017). There are, for example, proposals to suspend the 
ratification of indigenous protected areas. Both state-run and indigenous protected areas play an 
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important role in retaining tropical forest in Brazil. Suspending the establishment of new indigenous 
protected areas is likely to accelerate deforestation rates, leading to pervasive and potentially 
irreversible environmental impacts on Brazilian ecosystems. Accelerated deforestation around 
existing protected areas will lead to them becoming isolated – a landscape process known to 
facilitate biodiversity loss (Ament and Cumming 2016). Accelerated deforestation will also increase 
greenhouse gas emissions in a nation that will play a critical role in climate change mitigation 
should tropical forests be used to offset carbon released from declining fossil fuel use (Houghton et 
al. 2015). Furthermore, the loss of forest cover in Brazil is likely to increase people’s susceptibility 
to health hazards related to climate change, including degraded air quality from fires (Reddington et 
al. 2015). Studies that evaluate trade-offs between agricultural benefits, carbon storage, biodiversity 
retention and cultural values associated with tropical deforestation are now urgently needed.  
This study shows evidence for avoided deforestation from Brazilian protected areas between years 
2000 and 2014. The superior effectiveness of state-run protected areas supports their use in global 
efforts to retain intact, high quality forested areas. Indigenous protected areas clearly have an 
important role to play in retaining ecological and cultural connectivity in forested landscapes, 
particularly as deforestation frontiers in tropical regions shift into previously remote areas. The 
current political instability in Brazil and other tropical countries has the potential to undermine 
hard-fought reductions in deforestation over the past decade. Avoiding this outcome will require 
enhancing national and international support for effectively managed state-run and indigenous 
protected areas in tropical forested landscapes. 
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tropical protected areas 
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Abstract  
Protected areas defend against deforestation and global species loss. However, the reasons why 
many protected areas suffer high rates of deforestation remain unclear. Previous research has 
focused on national or local-scale drivers in isolation, precluding the development of management 
policies that are general yet also amenable to local conditions. Here we analyse how deforestation 
inside 1,605 tropical protected areas between 2000 and 2014 was influenced by biophysical and 
socioeconomic factors operating at national and local-scales. Deforestation rates were highest in 
Cambodia, Guatemala, Cote d’Ivoire and Indonesia. Control of corruption greatly reduced 
deforestation within protected areas. Surprisingly, more deforestation occurred in protected areas 
located on marginal agricultural land, while income equality and foreign investment were not 
related to deforestation patterns. Our findings suggest that corruption and subsistence needs are 
driving protected forest loss, which supports greater policy and donor efforts to support local 
communities and civil societies.   
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Introduction  
Protected areas are an effective way to conserve forested ecosystems (Carranza et al. 2014). However, 
recent deforestation rates inside many protected areas are high, compromising their contribution to 
biodiversity conservation (Barlow et al. 2016) and climate change mitigation (Bebber and Butt 2017). 
Three per cent (219,000 km2) of all protected forest was lost between the years of 2000 and 2012 
(Heino et al. 2015), Over 7,200 km2 of this loss occurred in protected areas globally recognised for 
their biological importance and unique natural beauty (i.e. Natural World Heritage Sites; (Allan et al. 
2017)). There are also some concerning cases of deforestation being greater inside protected areas than 
outside (Clark et al. 2013).  
Effective retention of forest cover requires a clear understanding of how different local- and national-
factors contribute to higher rates of deforestation inside protected areas. Local-scale factors (i.e. factors 
that are measurably different among protected areas), including protected area size, strictness and time 
since designation, can all influence the ecological integrity of protected areas (Bradshaw et al. 2015). 
Strictly protected areas, for example, typically avoid more deforestation than protected areas that permit 
a wider range of human activities (Nolte et al. 2013), although this effect is not supported in some 
countries (Ferraro et al. 2013). Local-scale biophysical factors, such as topography and agricultural 
suitability, are known mediators of deforestation outside of protected areas (Green et al. 2013). Yet the 
influence of these factors on rates of protected forest loss remains largely untested. 
National-scale factors (i.e. factors that are measurably different among countries) can also influence the 
ecological integrity of protected areas. Yet the influence of these factors on protected forest loss can be 
variable. Socio-economic factors, such as Gross National Income and population growth, are often 
correlated with environmental impacts within a country’s protected area network (Wittemyer et al. 
2008). However, previous studies show socio-economic factors to have inconsistent effects on protected 
forest loss. For example, Nagendra (2008) found deforestation in protected areas was unaffected by 
national economic output while Heino et al. (2015) found deforestation increased with per capita 
affluence. Porter-Bolland et al. (2012) found deforestation in protected areas was unaffected by growing 
human populations nearby, while Heino et al. (2015) found protected forest loss was lower in countries 
with higher population growth rates. These inconsistent findings are likely due to previous studies 
employing different analytical approaches – meta-analyses of protected areas from disparate tropical 
countries (Nagendra 2008; Porter-Bolland et al. 2012) or aggregating protected forest loss to the 
national scale (Heino et al. 2015). 
The unlawful use of public office for private gain (i.e. ‘corruption’; Transparency International (2015)) 
also poses a threat to environmental values within a country (Venter et al. 2016). The implications of 
political corruption for forest conservation efforts are often complex and variable (Ferraro 2005; Smith 
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and Walpole 2005). Corruption in public sectors can increase national deforestation rates (Li and 
Reuveny 2006), while in some African nations, political corruption appears to have little influence over 
the extent of natural forest cover (Smith et al. 2003b). In Indonesia, corruption can facilitate the 
appropriation of roads constructed for legal timber plantation by illegal logging networks and lead to 
rapid and large increases in illegal deforestation rates (Jepson et al. 2001; Smith et al. 2003a). While 
concerning, the potential effects of political corruption have so far had little effect on real or optimized 
investments in biological conservation (Garnett et al. 2011; Waldron et al. 2013). 
Previous studies assessing patterns of protected forest loss have included between 1 and 300 protected 
areas (Nolte et al. 2013; Sassen et al. 2013). These studies provide detailed information about local 
factors driving deforestation, but are often too specific to inform the siting and management of 
protected areas outside of studied regions. Conversely, studies that employ only coarse spatial 
resolution data on deforestation and predictor variables (e.g. Heino et al. (2015)) potentially mask the 
influence of spatially heterogeneous predictors on deforestation patterns, and thus only offer a 
simplified view of protected forest loss. The only way to overcome these limitations is through an 
analyses of a large sample of protected areas employing contextual data from both local and national 
levels. 
Here we quantify deforestation rates inside 1,605 tropical protected areas between the years of 2000 and 
2014, and model the effect of multiple biophysical and socioeconomic factors operating at different 
spatial scales. We focused on tropical forests as they are the most biologically diverse ecosystem on 
Earth (Gibson et al. 2011), and the erosion of this unique biome remains one of the most pressing global 
conservation problems (Laurance et al. 2012). Moreover, deforestation events in temperate and boreal 
forests are often driven by natural disturbance agents (Hansen et al. 2013), which would hinder our 
ability to develop a general model to explain anthropogenic drivers of deforestation. The key findings 
from our analysis highlight some new and unexpected drivers of deforestation in tropical protected 
areas, and are therefore immediately relevant to protected area siting and management decisions in 
tropical countries. 
 
Methods  
Quantifying deforestation inside protected areas 
Digital boundaries for protected areas were obtained from the World Database on Protected Areas 
(IUCN, UNEP-WCMC 2015). We considered in our analysis protected areas that: (1) are located in 
tropical and subtropical moist and dry forested areas (as delineated by Olsen et al. (2001)); (2) are ≥ 
5 km2 in size to cover at least 1000 pixels of forest data; (3) had ≥ 10% forest cover in the year 
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2000; (4) are classified as IUCN protected area category Ia (strict nature reserve), Ib (wilderness 
area), II (national park), IV (habitat or species management area) or V (protected landscape); and 
(5) were nationally designated prior to the year 2000 to avoid including in our analysis forest loss 
before protected areas were designated.  
IUCN category III protected areas were not included in our analysis because such sites represent 
national monuments or features that are typically influenced or introduced by humans. IUCN 
category VI protected areas allow sustainable use of natural resources, and hence were excluded to 
avoid confusing permitted use of forest resources with illegal deforestation events. A total of 1,662 
protected areas were left after applying our inclusion criteria.  
The percentage of forest loss between the years of 2000 and 2014 inside protected areas was 
quantified in Google Earth Engine using the Global Forest Change dataset (Version 1.2) (following 
methods outlined in Tracewski et al. (Tracewski et al. 2016)), which provides globally consistent 
estimates of forest extent and loss at moderate to high-resolution (pixel size of 30 meters at the 
equator) (Hansen et al. 2013). For each protected area, we quantified forested area (m2) in the year 
2000 using a threshold of 50% canopy cover to identify forested area. We then quantified for each 
protected area the total area of forest loss (m2) between the years of 2000 and 2014 and expressed 
this as a percentage loss. 
 
Statistical analysis 
Statistical analyses were performed in R 3.3.0 (R Core Team (2013)). To predict the effects of 
biophysical and socioeconomic drivers on deforestation inside protected areas, we used generalised 
linear mixed-effects models (GLMM) (“lme4” R package) with a negative binomial error structure 
(model fitting procedure outlined in Supplementary Information). Our response variable was percent 
forest loss inside protected areas, with protected area age, size, ruggedness, remoteness and suitability 
for agriculture set as fixed effects (Table 5.1; see Appendix 5.1 for all covariates considered). Fixed 
effects also included national-scale measures of foreign investment, value added agriculture, 
roundwood production (the collection and trade of timber which is left as small logs, not sawn into 
planks or chopped for fuel) and control of corruption. Country was included as a random effect. All 
tolerances among predictor variables were within acceptable levels (Spearman rank correlation ≤ 0.5 
and variance inflation factors ≤ 2), and all predictor variables were standardised to have a mean of zero 
and a standard deviation of one to make their effects comparable (Bradshaw et al. 2015).   
To derive a set of predictors for inclusion in the model, we first compared predictors drawn from three 
broad themes (biophysical indicators, socio-political factors and economic variables). We considered 
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each of these themes separately and then included the predictors emerging as most important from 
within each theme to construct the final integrated set of candidate models.  
The preliminary theme models showed support for the inclusion of agricultural suitability, ruggedness, 
remoteness, protected area size and control of corruption in the final candidate model set (Appendix 
5.2). We constructed all possible models given these candidate predictor variables (32 models), and 
used Bayesian Information Criterion (BIC) competition to identify models that offer parsimonious 
explanations for deforestation patterns (Appendix 5.3). We did not consider interaction terms, having 
no a priori reason to focus on a particular subset of interactions from among the many that are possible. 
We identified parsimonious models to be those having BIC values within 4 points of the minimum 
observed, and calculated standardised, model-averaged coefficients across the most parsimonious 
models based on wBIC (re-calculating ∑wBIC = 1 over the models in which each term appeared).  
Mixed model estimation requires a reasonable number of random effects levels. As such, we removed 
countries with <5 protected areas, which reduced our sample size from 1,652 to 1,605 protected areas 
representing 35 countries (Figure 5.1; Appendix 5.4). 
We conducted several separate analyses on reduced data sets to evaluate the robustness of our results. 
First, we used a dataset containing only those countries for which complete deforestation and predictor 
data was available for at least 100 protected areas. These countries included China, Brazil, Thailand, 
Indonesia and India. GLMMs and an information theoretic approach (with the same candidate model 
list as above) were used to analyse these countries all together, and generalised linear models were used 
to analyse each country separately (using protected area-scale covariates only).  
As an indicator of the explanatory power of the country-specific generalised linear models, we report 
the explained deviance or pseudo r2 value (1-residual deviance/null deviance). We then used GLMMs 
to analyse deforestation patterns within the remaining 30 countries for which complete deforestation 
and predictor data was available for less than 100 protected areas (with the same candidate model list as 
above). 
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Table 5.1 Description of predictor variables included in the final candidate model list and their 
hypothesized relationship with deforestation inside protected areas. Variables are measured at local 
(L) and national (N) scales. The expected direction of relationships is indicated as positive (+) or 
negative (-). 
Covariate Scale Description and source R’ship Justification 
Agricultural 
suitability  
L Mean agricultural suitability inside protected 
areas based on climate and soil properties. 
Source: Ramankutty et al. (2002). 
+ The incentive to illegally 
clear forested land may be 
greater if the land is highly 
suitable for agriculture 
Ruggedness L Mean change in elevation (degrees) inside 
protected areas derived from 300-m resolution 
SRTM data and averaged to 1km Source: Data 
available from the U.S. Geological Survey. 
– It is more difficult to operate 
forest clearing machinery on 
land that is rugged 
Remoteness L Mean distance from protected areas to nearest 
road (in km). Source: CIESEN (2013). 
– It may be more difficult to 
clear forested land in areas 
that are difficult to access 
Protected 
area size  
L Protected area size (in km2). Source: IUCN, 
UNEP-WCMC (2015). 
– Larger protected areas are 
less susceptible to forest loss 
due to reduced edge effects 
Control of 
corruption  
N Captures perceptions of the extent to which public 
power is exercised for private gain, including both 
petty and grand forms of corruption, as well as 
influence by elites and private interests. Source: 
Kaufmann et al. (2011). 
– Less corrupt nations are 
better able to enforce 
protected area rules and 
regulations 
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Figure 5.1 Locations of the 1,605 tropical protected areas (shown in green) and 35 countries (shown in 
brown) included in this study. 
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Results  
The average percent forest loss between 2000 and 2014 inside the 1,605 tropical protected areas we 
assessed was 3.4% (standard error (SE) ± 0.2%), and ranged from 0% to 84.8% inside individual 
protected areas. Regionally, protected areas in Western Africa (5.7% ± 2.5%), the Caribbean (5.0% ± 
0.9%) and Eastern Asia (5.0% ± 0.4%) had the highest rates of forest loss (Appendix 5.6). Cambodia 
had on average the highest rates of deforestation inside their protected area estate (13.8% ± 4.0%), 
followed by Guatemala (12.4% ± 4.8%), Côte d’Ivoire (7% ± 3.9%) and Indonesia (5.7% ± 1.1%) 
(Appendix 5.5).  
Control of corruption had the strongest negative influence of all covariates tested, with a model -
averaged, standardised coefficient of -0.57 (± 0.19) (Figure 5.2; Table 5.2). Ruggedness (-0.39 (± 0.03)) 
and remoteness (-0.14 (± 0.04)) also had negative effects on deforestation. Ruggedness was also 
consistently selected in the best performing models (Appendix 5.3).  
Agricultural suitability within protected areas had a significant and negative influence on forest loss 
patterns (-0.17 (± 0.04)), indicating that deforestation was higher in protected areas located on marginal 
agricultural land. Protected area size had a small but significant and negative influence on deforestation 
(-0.08 (± 0.03)).  
 
Figure 5.2 Drivers of deforestation in tropical protected areas. Standardized, model-averaged 
coefficient plot from the most parsimonious models (GLMMs with negative binomial error distribution 
with log links) explaining variation in the percent loss rate of forest cover inside 1,605 tropical 
protected areas. Plot shows the relative strength of biophysical and socioeconomic factors on 
deforestation patterns. Local-scale factors shown in green. National-scale factors shown in light yellow. 
All coefficients were statistically significant (p < 0.05). 
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Results from analysing subsets of protected areas were largely consistent with our analysis of all 
protected areas (Table 5.2). However, protected area size was not related to deforestation patterns 
within countries for which data was available for ≥100 protected areas (i.e. China, Brazil, Thailand, 
Indonesia and India), and remoteness was not related to deforestation patterns within countries for 
which data was available for <100 protected areas (Table 5.2).  
For our within-country analyses (performed separately for China, Brazil, Thailand, Indonesia and 
India), ruggedness had a consistent and negative influence deforestation (Table 5.3). This relationship 
was strongest in China (-0.55 (± 0.08)) and Indonesia (-0.51 (± 0.10)). Protected area size had a 
negative influence on forest loss in Thailand and India but a positive influence on deforestation in 
Brazil. 
Remoteness was negatively associated with forest loss in Brazil and Indonesia, but had little effect in 
the three other countries. Agricultural suitability was strongly negatively correlated with forest loss in 
Indonesia, but had little effect on forest loss in China, Brazil, Thailand and India. Variance explained 
(pseudo r2) for these models ranged from 49.3% (Indonesia model) to 14.2% (India model). 
 
Table 5.2 Model-averaged, standardized coefficients for factors explaining variation in deforestation 
inside 1,605 tropical protected areas. Averages taken from the parsimonious model set of GLMM 
models (negative binomial error distribution with log links) analyzing complete (‘All PAs’) and reduced 
(‘≥100 PAs’ and ‘<100PAs’) datasets. Parsimonious models were those within 4 BIC points of 
minimum. The ‘All PAs’ dataset includes 1,605 protected areas within 35 countries. The ‘>100 PAs’ 
dataset comprises 828 protected areas within 5 countries for which forest and covariate data was 
available for at least 100 protected areas. The ‘<100 PAs’ dataset comprises 777 protected areas from 
30 countries where forest and covariate data was available for less than 100 protected areas.   
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All PAs 0.95±0.37 -0.57±0.19 -0.39±0.03 -0.17±0.04 -0.14±0.04 -0.08±0.03 
≥100 PAs 1.00±0.72 -1.72±0.70 -0.48±0.04 -0.21±0.06 -0.19±0.04 -- 
<100 PAs  0.73±0.34 -0.60±0.19 -0.32±0.04 -0.11±0.06 -- -0.15±0.04 
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Table 5.3 Country-specific, model-averaged, standardized coefficients for factors influencing 
deforestation in tropical protected areas. Averages taken from most parsimonious model set of 
generalized linear models (negative binomial error distribution with log links) analyzing protected areas 
in China, Brazil, Thailand, Indonesia and India separately. Parsimonious models were those within 4 
BIC points of minimum. Statistically significant (p < 0.05) coefficients are shown in boldface. Variance 
explained (pseudo r2) measures are taken from the most parsimonious model for each dataset.  
 
Dataset 
In
te
r
c
e
p
t 
R
u
g
g
e
d
n
e
ss
 
R
e
m
o
te
n
e
ss
 
A
g
r
ic
u
lt
u
r
a
l 
su
it
a
b
il
it
y
 
P
r
o
te
c
te
d
 a
r
e
a
 s
iz
e 
Variation 
explained 
China  2.05±0.09 -0.55±0.08 0.00±0.10 -0.00±0.18 -0.0±0.02 19.2% 
Brazil 0.73±0.10 -0.33±0.09 -0.38±0.07 -0.04±0.09 0.27±0.07 19.5% 
Thailand   1.50±0.18 -0.38±0.13 0.13±0.13 0.29±0.21 -0.47±0.14 15.4% 
Indonesia  2.00±0.15 -0.51±0.10 -0.31±0.12 -0.47±0.12 -0.18±0.11 49.3% 
India  0.95±0.14 -0.35±0.12 -0.05±0.16 -0.09±0.17 -0.30±0.12 14.2% 
 
 
Discussion  
Our results show that control over corruption decreases rates of deforestation in protected areas. 
Decisions about where to spend the billions of dollars allocated for the placement of new protected 
areas (GEF 2014) clearly need to consider whether conservation efforts will be compromised by the 
unlawful use of public office for private gain. To address the effect of political corruption on 
conservation outcomes, management strategies need to be applied across national and local scales. At 
national scale, suggested strategies include the ratification of international anti-corruption agreements 
(e.g. OECD Anti-Bribery Convention), greater knowledge and enforcement of anti-corruption laws, and 
the establishment of anti-corruption task forces (Laurance 2004). We caution against simply diverting 
money away from countries with potentially corrupt governance and institutions as this may further 
entrench underfunding problems in some biodiversity-rich countries (Miller 2014). At local scale, 
management strategies include increased human presence and vigilance inside protected areas, and 
increased accountability for how conservation funds are spent (Kishore and Damania 2007). 
Importantly, simplifying contract arrangements so that conservation payments can be made directly to 
individuals or communities is unlikely to solve problems brought on by corruption. Including local 
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organisations in such transactions will bear additional administrative costs, but can make conservation 
efforts more effective and resilient to political instability in the long-term (Clements et al. 2010) 
Agricultural expansion was the primary driver of tropical forest loss in recent years (Gibbs et al. 2010). 
We were therefore surprised to find higher deforestation rates in protected areas located on marginal 
agricultural land. One explanation for this result is that deforestation in tropical protected areas is 
occurring to supply local subsistence needs for food and fibre, not large agro-industry or bioenergy 
demands. As such, agricultural suitability would have less bearing on where deforestation occurs inside 
protected areas. Regardless of the exact mechanism, it is clear that what we have learned about 
agricultural expansion driving deforestation outside of protected areas is not directly applicable to 
protected forests, which appear to have a more complex relationship with agricultural suitability.  
Ruggedness was the most reliable predictor of protected forest loss of all those tested, being 
consistently selected among the best performing models (Appendix 5.3). This result is likely due to 
large, topographically complex land posing a practical barrier to forest clearing machinery, and the 
transport of forest products (Peres 2005). This relationship implies substantial indirect benefits for 
biodiversity because large tracts of land that encompass variable climatic zones, elevation gradients and 
substrate types are often centres of species endemism (Jenkins et al. 2013), and provide refuge to 
species threatened by climate change (Martin and Watson 2016). Preventing such areas from becoming 
isolated from other forested habitats, however, remains a pressing conservation challenge (DeFries et al. 
2007).  
A negative relationship between protected area size and deforestation held for tropical protected areas 
in Thailand (-0.47 (SE ± 0.14)), India (-0.30 (SE ± 0.12)) and Indonesia (-0.18 (SE ± 0.11)). The 
notable exception to this relationship was in Brazil, where larger protected areas were significantly 
more susceptible to deforestation than smaller protected areas. Large-scale drought-induced tree 
mortality in the Amazon in 2005 and 2010 (Zhao et al. 2017) may have influenced the direction of this 
result.  
Accessibility is a known driver of deforestation outside of protected areas (Barber et al. 2014). Access 
to protected areas included in this study, however, had little influence on deforestation patterns in 
China, Thailand and India. This finding suggests that local demand for food, fibre and fuel may help to 
explain patterns of protected forest loss in some countries, rather than domestic or international 
agricultural operations, which require reliable access to roads and markets.  
Recent studies have noted a multi-decadal shift in the drivers of tropical deforestation from small scale-
shifting agriculture to large agro-industrial actors (Rudel et al. 2009). Our results present the first 
indication that this shift may not have occurred within protected tropical forests. Deforestation in 
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protected areas is often illegal, which may act as a stronger disincentive for a publicly traded agro-
industry company than it does for local subsistence actors.  
Clearly further research is needed to more fully understand the contrasting drivers of deforestation in 
protected and unprotected tropical forests, especially the relative roles of national and local factors. The 
new findings presented here, however, add to the mounting evidence of socioeconomic factors 
influencing conservation effectiveness (e.g. civil war (Nackoney et al. 2014), armed conflict (Negret et 
al. 2017), drug trafficking (McSweeney et al. 2014)), and highlight the urgent need for greater policy 
and donor efforts to strengthen local communities living in areas of high conservation importance.  
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6 Retention versus restoration priorities for species’ 
climate refugia in multi-use landscapes 
 
In review at Biological Conservation 
 
 
Abstract 
Retaining and restoring habitat in areas that will remain climatically suitable through time is a key 
strategy for helping species’ adapt to climate change - particularly in multi-use landscapes where 
species’ find it difficult to track suitable climates. We advance on existing claimate-smart 
conservation methodologies to identify retention and restoration priorities for climate refugia in a 
vast multi-use landscape. We illustrate our approach for Australia’s Great Dividing Range (GDR), 
where the entire habitat of 26 vertebrate species – including 11 endemics – will be climatically 
unsuitable by the year 2085 under a business-as-usual emissions scenario. We developed two 
planning scenarios to secure climate refugia for a remaining 1,036 vertebrate species in the GDR – 
a scenario that permits both the retention of high quality habitat and the restoration of land currently 
used for forestry or agriculture (i.e. ‘retention and restoration’) and a scenario that permits only the 
retention of high quality habitat (i.e. ‘retention-only’). For both planning scenarios, we identified 
high climate refugia priorities in areas that will complement existing protected areas in the GDR 
(i.e. areas ranked in the top 17% of GDR landscape) and then compared ecological trade-offs 
associated with adopting a retention-only or retention and restoration approach to securing climate 
refugia. We found that a retention-only approach would deliver equivalent ecological benefits for 
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most species, and enhance protection coverage for 95 other species, when compared to a retention 
and restoration approach. Furthermore, under retention and restoration approach, seventy-four 
percent of high priority refugia area (49,650 km2) would overlap with forestry or agricultural land-
uses, and hence will require extensive restoration efforts to serve as habitat for climate-imperilled 
species. However, we found that at least 270 species in the GDR rely heavily on ecological 
restoration of agricultural lands to persist under climate change. Our study provides immediate 
guidance for on-ground management actions, and provides a robust methodology that can support 
climate refugia management decisions in multi-use landscapes around the world. 
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Introduction  
The distributions of many terrestrial species are shifting in response to rapid changes in the global 
climate system (Scheffers et al. 2016). Redistributions along elevation or latitude gradients will 
become more pronounced with ongoing changes in the climate system (Urban 2015), particularly in 
areas where climate change velocity will be greater (Chen et al. 2011). In many areas, rapid climate 
change is likely to outpace the natural capacity for species adaptation - potentially causing 
widespread extinctions (Bellard et al. 2012). 
Functional, intact ecosystems provide the most effective defence against climate-driven species 
extinctions (Martin and Watson 2016; Watson et al. 2018). However, widespread human pressure 
on the environment has dramatically reduced the global extent of intact ecosystems (Venter et al. 
2016; Watson et al. 2016a). Much of the terrestrial land surface has been transformed into areas 
used for food, biofuel, fibre and timber production (Ellis and Ramankutty 2008). Such multi-use 
landscapes are characterised by mosaics of peri-urban areas, heavily modified agricultural land and 
forestry areas, with degraded and fragmented native vegetation cover (Mendenhall et al. 2014).  
Humanity relies on the sustained productivity of multi-use landscapes. Yet the intensification and 
expansion of these areas pose an immediate threat to global biodiversity (Maxwell et al. 2016). 
Human activities in multi-use landscapes also inhibit shifts in species distributions under rapid 
climate change (Nuñez et al. 2013) and destroy valuable habitat that would otherwise buffer 
climate-related impacts on species (Haddad et al. 2015). As such, there is a clear need for 
conservation efforts to promote species adaptation to climate change in multi-use landscapes.  
Conserving climate refugia is a key strategy for promoting species climate adaptation in multi-use 
landscapes (Game et al. 2011). Climate refugia are areas where species can persist in and 
potentially expand from under altered climates and usually include areas where climate change 
velocities will be low (Keppel et al. 2012). Ensuring species can access climate refugia in multi-use 
landscapes will require the strategic protection of intact habitat, restoring degraded land and 
changing farming practices in areas currently used for food and fibre production (Shoo et al. 2013). 
There are two broad approaches to identifying climate refugia: pattern- and process-based 
approaches (Keppel et al. 2012). Pattern-based approaches involve using data on the palaeobiology, 
ecology or genetics of target species to reconstruct where species retreated to or expanded from 
during past eras of climate changeProcess-based approaches involve identifying and quantifying 
climate and geographic processes that define the environmental conditions conducive to the 
formation and maintenance of refugia. While both approaches have their advantages, process-based 
approaches may be more useful for identifying refugia for species in the face of anthropogenic 
climate change (Keppel et al. 2012).  
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Process-based approaches to identifying climate refugia have recently been used to identify refugia 
priorities in multi-use landscapes (Fung et al. 2017; Reside et al. 2013; Reside et al. 2017). Yet 
rarely are these priorities mapped to existing land uses (but see McGuire et al. 2016; Nuñez et al. 
2013) which precludes the development of spatially resolved protection and restoration 
management plans. Furthermore, land protection and restoration efforts in multi-use landscapes will 
impose trade-offs for food, fibre and wood production (Seppelt et al. 2016). The need to restore or 
adopt biodiversity-friendly management practices is likely to be unequally shared among different 
production sectors. Making such trade-offs transparent will help identify which sectors are most 
important to engage and support in refugia management plans.  
Here we developed approach to guide climate refugia management decisions in multi-use 
landscapes. We used Zonation prioritization software (Moilanen et al. 2014) to identify priority 
climate refugia for 1,036 vertebrate species in the Great Dividing Range (GDR), a vast landscape 
along Australia’s eastern seaboard that includes production areas and conservation reserves. We 
prioritized climate refugia sites in areas that complement existing conservation areas in the GDR, 
which already function as important refugia for many species. We then used maps of current land 
use activity (ABARES 2016) to identify where protection and restoration will be required to secure 
refugia. Protection priorities were areas where refugia overlapped with natural or relatively natural 
vegetation. Restoration priorities were areas where refugia overlapped with production lands. We 
also developed an alternative priority refugia map that avoided all agricultural land uses to explore 
ecological trade-offs associated with adopting a retention-only approach to conserving refugia in 
the GDR. Our findings are immediately applicable to ongoing climate adaptation efforts in eastern 
Australia. More broadly, this study provides a novel approach for mapping refugia protection and 
restoration priorities that can be applied to multi-use landscapes globally.  
 
Methods 
Study area  
The Great Dividing Range (GDR) stretches for over 3,600 km in eastern Australia, and extends up 
to 400 km inland. It traverses variable climatic zones, elevation gradients and substrate types, and 
encompasses centres of species endemism (Mackey et al. 2010). The GDR and adjacent coastal 
areas are home to three-quarters of Australia’s human population, with urban areas concentrated in 
the coastal plains. The dominate land use is livestock grazing on largely intact native vegetation 
(45% of GDR landscape) (Figure 6.1A; Table 6.1). Other prominent land uses include grazing on 
modified pastures (17%), dryland and irrigated cropping (primarily cereals, oil seed, sugar and 
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cotton) (9%) and native and plantation forestry (7%). Only 18% of the GDR remains intact or in a 
relatively natural state, and around 10% of this area is designated for conservation (i.e. strict nature 
reserves, national parks, wilderness areas). The GDR also includes several globally recognised 
‘crisis’ and ‘high risk’ ecoregions (Watson et al. 2016b). 
 
 
 
 
 
Figure 6.1. Australia’s Great Dividing Range (GDR) with current land uses (A) and priority 
climate refugia areas under a ‘retention and restoration’ planning approach (B) identified. Land uses 
are assigned according to the primary management objective of land managers and are derived from 
the Australian Land Use and Management (ALUM) classification system (ABARES, 2016). 
Climate refugia were prioritized in areas that will complement existing protected areas in the GDR, 
which cover 10% of the GDR. Refugia priorities were considered to be areas within the top 10-17% 
of landscape prioritizations and represent the most important sites for the long-term persistence of 
1,036 species. Refugia priorities favour the retention of species endemic to the GDR landscape and 
account for expected shifts in species’ distributions under climate change (assuming a business-as-
usual emissions scenario, RCP8.5). 
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Table 6.1. Extent of overlap of climate refugia with intact habitat and production land uses in 
Australia’s Great Dividing Range (GDR). Note that we prioritized refugia in sites that would 
complement existing protected areas in the GDR, which cover approximately 10% of the landscape. 
We therefore forced existing protected areas in the GDR into the top 10% of all Zonation output 
layers, and considered refugia priorities to be areas within the top 10-17% of Zonation output 
layers.  
Land use Area of GDR 
Overlap with climate 
refugia 
Broad category  Specific land use km2  %  km2 %   
Conservation and 
Natural 
Environments 
Protected areas 123,185 10 123,185 100 
Managed resource protection 28,147 2 6,546 23 
Other minimal use 55,125 5 11,061 20 
Production from 
Relatively Natural 
Environments 
Grazing intact native vegetation  524,356 45 14,887 3 
Production forestry  71,734 6 16,682 23 
Production from 
Dryland Agriculture 
and Plantations 
Plantation forestry  9,914 1 1,121 11 
Grazing modified pastures  198,529 17 12,171 6 
Cropping  92,797 8 2,086 2 
Horticulture 1,252 >1 271 22 
Land in transition 1,311 >1 361 28 
Production from 
Irrigated 
Agriculture and 
Plantations 
Irrigated plantation forestry  53 >1 - - 
Grazing irrigated modified pastures  9,044 >1 52 1 
Irrigated cropping  13,917 1 1,739 12 
Irrigated horticulture 1,887 >1 280 15 
 
Species data and distribution models  
Species distribution models for 1,062 terrestrial vertebrate species were provided by the CLIMAS 
project (http://climas.hpc.jcu.edu.au/). These models were fitted using presence-only species data 
from the Queensland Museum (http://www.qm.qld.gov.au/), the Atlas of Living Australia 
(http://www.ala.org.au/), and the Centre for Tropical Biodiversity and Climate Change (Williams et 
al. 2010). Current distribution models were fitted in Maxent (Phillips et al. 2006) with baseline 
climate data (1976 to 2005) at 0.01 degree resolution (Grant et al. 2008; Jones et al. 2007). Default 
Maxent settings were used, along with target-group background sampling to counter sample 
selection bias (Phillips and Dudík 2008). Current distribution models at 1km resolution were 
projected to the year 2085 using 18 different general circulation models (GCMs) assuming a 
business-as-usual carbon emissions scenario (RCP8.5) (Rogelj et al. 2012). The median climate 
suitability across the 18 GCMs represented projected distributions for 2085. Future climate 
predictions were downscaled using a statistical downscaling technique (Wilby et al. 2004). While 
this process does increase the probability of false climate predictions, it is a necessary and 
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recommended process of developing conservation priorities for species under future climate 
scenarios (Tabor and Williams 2010).  
Thresholds for species occurrence were selected from the range of Maxent generated species-
specific thresholds, using the threshold that best represented the species' current range (Reside et al. 
2013). We retained continuous suitability measures above the threshold value. Suitability values 
below the threshold were converted to zero. The future species distribution projections were clipped 
to remove areas beyond a reasonable dispersal distance from a species' current distribution: 4 
km/year for birds and mammals and 1 km/year for amphibians and reptiles (Warren et al. 2013). 
We identified species that will have zero climatically-suitable space in the GDR by 2085. 
Identifying climate refugia  
Following previous studies (Reside et al. 2013; Reside et al. 2017), we used current and future 
modelled species distributions to identify areas of a landscape that are important for their 
persistence now and in a climate change affected future. Areas that rank highly in both current and 
future periods are likely to function as climate refugia, more so if these areas are in close proximity 
(Reside et al. 2013). We used the systematic conservation planning tool Zonation (Moilanen et al. 
2014) to rank areas within the GDR landscape in order of how important they are to species loing-
term persistence. Zonation is a spatial optimization software package with multiple inbuilt planning 
modes that define alternative perceptions of conservation value. The Zonation algorithm iteratively 
removes the least valuable cells from a planning area while minimizing marginal loss of 
conservation value and accounting for connectivity needs and shifting distributions through time. 
We used Zonation over alternative software packages for this analysis because the algorithm 
provides species-specific representation loss curves and a hierarchy of cell removal throughout a 
planning landscape. These qualities were important in this study to show how well (relatively) 
individual species are represented at any given fraction of prioritisation outputs and to indicate the 
importance of all cells in the GDR for species adaptation to climate change.  
We considered connectivity between time periods for each species via the ecological  interactions 
feature (Kujala et al. 2013). The connectivity value, beta (β), was set at 400 [β = 2/0.005] for 
amphibians and reptiles and 66.67 [β = 2/0.03] for birds and mammals (Lehtomäki and Moilanen 
2013; Warren et al. 2013). We used distribution discounting to account for uncertainty in future 
distribution models (Moilanen et al. 2006). This feature uses information-gap decision theory (Ben-
Haim 2001; Regan et al. 2005) to discount or remove areas of predicted species distributions that 
have high uncertainty values (i.e. areas where the species is unlikely to occur). Uncertainty map 
layers for each species were the standard deviation across the 18 GCMs at each grid cell (Kujala et 
al. 2013). Species weights (wj) were set according to the proportion of their Australian distribution 
148 
 
within the GDR, with species endemic to the GDR given a weight of one. The Additive Benefit 
Function formulation with a warp factor of 1000 was used to aggregate conservation value. A warp 
factor of 1000 was a pragmatic compromise between improving the precision of the optimization 
and processing time. 
We aimed to identify climate refugia that would complement existing protected areas in the GDR. 
We therefore forced protected areas that have been established in the GDR into the top 10% of all 
Zonation output layers. We then defined high priority climate refugia areas as areas within the top 
10-17% of Zonation output layers. This threshold is not indicative of the amount of protection or 
restoration required to ensure species can cope with climate change. We chose this threshold based 
on Aichi Target 11 – an internationally-agreed land protection target to have “by 2020, at least 17 
per cent of terrestrial […] areas […], especially areas of particular importance for biodiversity […], 
are conserved […]” (CBD 2010). 
Protection and restoration priorities  
We identified protection and restoration priorities by overlaying refugia on land use and 
management data for the GDR (ABARES 2016). These data classify current land use activities at a 
spatial resolution of 50 meters according to the Australian Land Use and Management (ALUM) 
classification system (Appendix 6.1). The ALUM system shows dominant land uses based on the 
primary management objective of the land manager (as identified by state and territory agencies). 
We considered protection priorities to be areas where refugia overlapped with natural or relatively 
natural vegetation, and restoration priorities to be areas where refugia overlapped with dryland or 
irrigated agriculture. Intensive land use areas, including manufacturing, industrial and residential 
areas, were excluded from prioritizations using an analysis area mask in Zonation because such 
areas offer very little viable habitat for the vast majority of species (Newbold et al. 2015).  
Planning scenarios 
Our initial Zonation run simulated a ‘retention and restoration’ planning scenario by treating all 
production land uses equally when prioritizing refugia areas. We ran an alternative scenario 
(‘retention-only’) where production land uses were weighted by level of human modification 
(Appendix 6.2). Ranking the landscape in this way prioritized refugia into intact or relatively 
natural land use areas first, before expanding into increasingly more modified agricultural land uses 
thereafter, effectively establishing a contrast between theoretical retention and restoration (run 1) 
and retention-only (run 2) approaches to conserving climate refugia in the GDR. We compared 
species distribution coverage inside priority refugia areas under the two scenarios to prioritizing 
climate refugia in the GDR. Priority refugia areas were within the top 17% of Zonation output 
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layers in both scenarios. Hence refugia areas under both planning scenarios were of the same 
geographical extent (190,442 km2).  
 
Results 
Climate impacts and refugia priorities: retention and restoration scenario 
Under a business-as-usual emissions scenario (RCP8.5), the GDR will become climatically 
unsuitable for 26 species by 2085 (Appendix 6.3). Included in this list are 11 species endemic to the 
GDR, which means no suitable climate space is likely to exist anywhere for these species  by 2085. 
These species are likely to be severely threatened by climate change, and face a high likelihood of 
extinction.  
For the 1,036 species for which there will be some climatically suitable space in 2085, priority 
refugia areas largely hug the eastern seaboard of the GDR (Figure 6.1B). Refugia were most 
extensive in Queensland (78,231 km2), followed by New South Wales (68,901 km2), Victoria 
(41,680 km2) and Australian Capital Territory (1,281 km2). Within Queensland, refugia were 
particularly prevalent in the northern bioregions of Cape York, Wet Tropics and Central Mackay 
Coast (refer to Appendix 6.4 for bioregions map). There were also large tracks of moderate-to-high 
priority refugia areas (i.e. top 30%) in the South Eastern Queensland bioregion. Within New South 
Wales, climate refugia were prevalent in the New England Tableland and North Coast bioregions 
and the South Western Slope bioregion. Within Victoria, refugia were prevalent in the South East 
Corner and Australian Alps bioregions.  
Protection and restoration priorities: retention and restoration scenario 
Twenty-six percent of unprotected refugia overlapped with land that is relatively unmodified from 
its natural ecological condition, including defence land, residual native cover, indigenous areas and 
water catchment areas (Figure 6.2). The remaining 74% of priority refugia area overlapped with 
production land uses. Many of these areas will require active restoration to support climate-
imperilled species. Restoration priorities were most extensive on agricultural land uses that have 
relatively low levels of modification, including land used for production forestry (i.e. commercial 
production from native forests) (16,682 km2) and grazing of native vegetation (i.e. grazing by 
domestic livestock on native vegetation) (14,887 km2) (Figure 6.2). Restoring land used for 
production forestry would be most beneficial in regions east of Melbourne (Figure 6.3D), while 
restoring land used for grazing of native vegetation in Queensland would be most beneficial north 
of Townsville (Figure 6.3A).  
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Figure 6.2 Extent of overlap between priority climate refugia developed under a ‘retention and 
restoration’ planning approach and current land uses in Australia’s Great Dividing Range 
landscape. Refugia that overlapped with intact habitat or relatively unmodified habitat (i.e. 
‘Managed resource protection’ and ‘Other minimal use’) were considered protection priorities. 
Refugia that overlapped with forestry or agricultural lands were considered restoration priorities.  
 
 
Figure 6.3. Australia’s Great Dividing Range landscape with protection and restoration priorities 
identified. Protection priorities are sites where climate refugia overlap with intact or relatively 
unmodified habitat areas. Restoration priorities are sites where refugia overlap with forestry or 
agricultural lands. 
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Twenty-seven percent of priority refugia areas overlapped with highly modified agricultural land 
uses, which would require active restoration to harbor species effectively (Figure 6.2). Such areas 
were most extensive on land used for dryland cropping (2,086 km2) and grazing livestock on 
modified pastures (12,171 km2). These opportunities were particularly prevalent in northern New 
South Wales (Figure 6.3C). Active restoration priorities also occurred on land used for irrigated 
cropping (1,739 km2) (most notably sugar cane cropping areas between Townsville and 
Rockhampton (Figure 6.3B)), and plantation forestry (1,121 km2). 
Restoration requirements in different agricultural sectors: retention and restoration scenario 
Restoration to secure climate refugia in the GDR will incur unequal restorative costs on agricultural 
sectors. Around 23% of land used for production forestry and 11% of plantation forestry overlapped 
with climate refugia (Table 6.1). Dryland horticulture covers less than 1% of the GDR landscape, 
but had a large proportional overlap with refugia (22%). Similarly, irrigated horticulture covers only 
1,887 km2 of the GDR, but overlapped with 15% of refugia sites. Around 12% of irrigated cropping 
areas (predominantly cereals and sugar) overlapped with refugia. Grazing livestock on native 
pastures or modified pastures are the two largest agricultural land use types in the GDR, but had a 
relatively low proportional overlap with refugia (3% and 6% respectively). Dryland cropping is the 
third most extensive agricultural land use in the GDR, but only 2% of this land use overlapped with 
refugia sites.  
Ecological trade-offs under a retention-only scenario 
Sixty-five percent of species included in this study would be largely unaffected by a decision to 
adopt either a retention and restoration or retention-only approach to prioritizing refugia in the GDR 
(Figure 6.4). For these species (n = 672) the distribution coverage inside refugia areas was quite 
similar (i.e. within 5%) under the two scenarios. However, distribution coverage under a retention-
only approach declined by ≥5% for 270 species (26%) and >50% for seven species (Table 6.2). The 
species that were most negatively affected by retention-only all have narrow ranges and most are 
endemic to the Central Mackay Coast bioregion, including the lemon-barred forest-skink 
(Eulamprus amplus), Mount Ossa leaf-tailed gecko (Phyllurus ossa) and Proserpine rock-wallaby 
(Petrogale persephone). Conversely, distribution coverage under the retention-only scenario 
increased by ≥5% for 95 species (9%). The species that most benefited from a retention-only 
approach to prioritizing climate refugia also had small ranges but mostly inhabited the Cape York 
Peninsula bioregion, including the palm cockatoo (Probosciger aterrimus) and fawn-breasted 
bowerbird (Ptilonorhynchus cerviniventris). 
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Figure 6.4. Change in distribution coverage for individual species when agricultural land uses were 
avoided in refugia management plans (i.e. retention-only scenario) compared to when agricultural 
land is included (i.e. retention and restoration scenario). Each open circle represents an individual 
species. Figure panels group species by taxonomic group. Species located on red horizontal lines 
were unaffected by the land-sharing land-sparing management decisions. 
 
Table 6.2 Species whose distribution in climate refugia dropped by over 50% or increased by 
greater than 20% when agricultural lands were avoided in refugia management plans (i.e. retention-
only scenario), compared to when they were included (i.e. retention and restoration scenario). * 
denotes species listed as threatened under the EBPC Act. Boldface letters denote threatened status: 
(VU) vulnerable, (EN) endangered or (CE) critically endangered.  
Species Change  
Lemon-barred forest-skink (Eulamprus amplus) -0.68 
Mount Ossa leaf-tailed gecko (Phyllurus ossa) -0.67 
Baw Baw frog (Philoria frosti) *CE -0.57 
Proserpine rock-wallaby (Petrogale persephone) *EN -0.56 
Mahogany glider (Petaurus gracilis) *EN -0.55 
Eungella Honeyeater (Lichenostomus hindwoodi) -0.51 
Peppered-belly broad-tailed gecko (Phyllurus nepthys) -0.50 
Crevice rainbow-skink (Carlia rimula) 0.20 
Fringed Tree Frog (Litoria eucnemis) 0.20 
Magnificent riflebird (Ptiloris magnificus) 0.21 
Slender Frog (Austrochaperina gracilipes) 0.21 
Palm Cockatoo (Probosciger aterrimus) *VU 0.22 
Cape York melomys (Melomys capensis) 0.23 
Fawn-breasted Bowerbird (Ptilonorhynchus cerviniventris) 0.24 
Red-headed Myzomela (Myzomela erythrocephala) 0.34 
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Discussion 
Adopting a retention-only approach to refugia management – whereby intact habitat protection was 
expanded and restoration of agricultural lands was avoided – had little effect on the extent to which 
management actions overlapped with projected geographic distributions of more than half of the 
species included in our analysis. Indeed there were 95 species whose distribution coverage in 
refugia areas increased by ≥5% under a retention-only approach. This finding indicates that the 
benefits of restoring agricultural lands could be met by wider protection of intact habitat in areas 
that are important for climate adaptation. However, distribution coverage by management actions 
declined by ≥5% for 270 species and coverage for seven species, including three threatened with 
extinction, declined >50% under retention-only approach. These species will rely heavily on 
ecological restoration of agricultural lands to persist under climate change.   
Under the retention and restoration scenario, the majority of restoration priority areas overlapped 
with native production forests (16,682 km2). Native production forests can retain a similar stand 
structure to remnant native forests, but floristic diversity is typically much lower, and the 
understory of production forests is usually dominated by invasive species (Cummings and Reid 
2008). Re-establishing native species or enhancing the structural complexity of existing vegetation 
are likely to make production forests more suitable for species. Native production forests will also 
retain more bird species if logging of surrounding exotic plantations is scheduled so that they are 
not all clear felled at once (Lindenmayer et al. 2009).  
Restoration priority areas also overlapped strongly with native grazing lands (14,887 km2). 
Reducing livestock densities on native grazing lands can lead to the rapid recovery of mammal 
fauna (Legge et al. 2011), but active restoration will likely be required to improve plant species 
diversity and community structure (Yates et al. 2000). Reducing extremely high densities of 
invasive species (e.g. lantana (Lantana camara)) and managing hyper-aggressive species (e.g. noisy 
miner (Manorina melanocephala)) in native grazing and forestry areas will also help these sites to 
function as climate refugia (Cummings and Reid 2008; Eyre et al. 2009).  
Twenty-seven percent of refugia areas overlapped with heavily modified production land uses, 
including modified pastures, and dryland and irrigated cropping (Figure 6.2). Remnant habitat 
patches in heavily cropped areas between Cairns and Rockhampton include many small-range 
species that are endemic to north-eastern Australia (Reside et al. 2017) and there is a clear need to 
find creative ways to support species persistence in this region (Figure 6.3B). Regional planners 
should immediately aim to retain remnant habitat patches and large paddock trees (Maron and 
Fitzsimons 2007). Longer-term aims should support active restoration efforts, including native 
revegetation and restoration of normal hydrological flows, to house species in multi-use landscapes 
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that overlap with climate refugia. Species distributions used in this study were based on where they 
currently live, which generally do not occur in highly modified areas. As such, we may have under-
predicted climatic tolerances for some species in highly modified areas.  
Despite only covering 3,139 km2 of the GDR, irrigated and dryland horticulture had large 
proportional overlaps with climate refugia (22% and 15%, respectively). High value horticultural  
areas occur on fertile lowland landscapes and are unlikely to be converted to species conservation. 
Those that co-occur with climate refugia could be targeted for sustainability initiatives that enhance 
biodiversity values on farmland, which include providing decoy crops of native plant species (Luck 
et al. 2013). 
Plantation forestry also had a relatively large proportional overlap with climate refugia (11%). 
Plantation forests can be a source of food and shelter for some species (e.g. common ringtail 
possum Pseudocheirus peregrinus (Friend 1982) but cannot support biodiverse fauna communities 
without active restoration efforts (Lindenmayer et al. 2002). Those that overlap with climate refugia 
should be replaced with commercially viable mixed-species plantings. Plantations that overlap with 
climate refugia should also adhere to guidelines for truly sustainable forest management (Wintle 
and Lindenmayer 2008). Areas east of Melbourne, which are currently used for native and 
plantation forestry, include some of the most important protection and restoration opportunities in 
the GDR (Figure 6.3D). Efforts to restore and protect land in this region will be of substantial 
benefit to climate-imperilled species in the GDR. 
Around 26% of priority climate refugia overlapped with land in a relatively natural ecological state, 
including indigenous areas and defence land. Increasing the capacity to manage on-site threats to 
species at these sites, through actions such as fire management and invasive species control, will 
improve their ability to function as climate refugia. We recommend these sites also be targeted for 
protected area establishment and expansion efforts, particularly in the Cape York bioregion (Figure 
6.3A) and south of Sydney. Furthermore, we recommend the amendment of the Australian 
Government’s Resister of Critical Habitat to include climate refugia as a specific reason for listing 
critical habitats.  
Restoring multi-use landscapes to support climate-imperilled species is undoubtedly a complex and 
challenging task (Lindenmayer and Cunningham 2013). However, such efforts are becoming more 
sophisticated and prevalent around the world (e.g. McAlpine et al. 2016; Middendorp et al. 2016). 
In many cases, adopting biodiversity-friendly farming practices does not compromise agricultural 
productivity (Hautier et al. 2017). In some cases, it can improve it (Karp et al. 2013). However, it is 
important to note that the GDR contains many narrow-ranged rainforest specialist species (Reside et 
al. 2017) many of which would not persist in restoration sites until such sites begin to resemble old-
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growth rainforest. Restoration of rainforest to this condition is likely to take more than 150 years 
(Catterall et al. 2012), therefore a retention-only approach may be critical for the persistence of 
these species. Furthermore, conserving 17% of the GDR land area will not afford protection to all 
species included in this analysis, or even all species that are endemic to the GDR. A 17% protected 
area target for northern part of the GDR has similarly been found to be inadequate (Reside et al. 
2017).  
This study does not reveal the extent to which agricultural lands would need to be restored in order 
to support species adaptation to climate change. Highly transformed land uses, such as irrigated 
cropping, would require extensive and active restoration efforts before being inhabitable for the vast 
majority of species (Wilson and Rhemtulla 2016). Some areas we identified as retention priorities 
could also be degraded and require restoration effort, particularly if such areas are in close 
proximity to human infrastructure and land-use activities (Barlow et al. 2016). However, less 
intensive agricultural land can provide viable habitat for species of conservation concern 
(Mendenhall et al. 2014, Murphy et al. 2017) and hence may only require small amounts of 
restoration or slight changes in farming practices to effectively house climate-imperilled species. 
Information to effectively tie land-use condition in the GDR to individual species habitat 
requirements is not yet available. However, recent studies of how local ecological assemblages 
respond to alternative land uses (e.g. Newbold et al. (2015)) may help future spatial prioritisations 
relax the assumption that species only utilise high quality habitat. Further studies of local ecological 
responses to land use and land use change will lead to more refined assessments of how low-
intensity agricultural land use can contribute to biodiversity conservation efforts. Such information 
will also improve the ability to evaluate restoration costs borne by different agricultural sectors.  
We assessed ecological trade-offs associated with adopting two different planning scenarios, but 
this analysis did not account for financial costs of implementing these scenarios. Accounting for 
varying costs of implementing conservation actions can improve agreement among stakeholders 
over where to place conservation efforts (Armsworth et al. 2017) and thus improve the utility of 
prioritization outputs. However, prioritizing retention and restoration actions on cheap land often 
leads to ineffective and inefficient conservation plans (Venter et al. 2014). As such, future studies 
that account for varying costs of actions to secure climate refugia must ensure that this does not 
compromise the ecological integrity of the ensuing refugia management plan. This study also 
assumes all private land throughout the planning region is available for acquisition or restoration. In 
practice, such actions are constrained by land-owner willingness to engage in conservation efforts 
(Knight et al. 2011), which can hinge on unforeseen motivations or factors (Selinske et al. 2015), 
making it difficult to accurately measure. Incorporating such measures into spatial conservation 
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prioritizations may improve their practicality. However, the primary purpose of this study is to 
coordinate local and piecemeal conservation efforts across a large area. Decisions about where to 
protect or restore within a 1km cell will require land-owner engagement, and are therefore more 
sensitive to information on land-owner willingness to engage. 
Assuming a business-as-usual emissions scenario, the GDR will become climatically unsuitable for 
twenty-six species by 2085 – eleven of which are found nowhere else in the world. The long-term 
persistence of these species, and a raft of others, now depends on the strategic protection and 
restoration of climate refugia habitat in the GDR. This study provides immediate guidance for these 
management actions, and describes a methodology that can support climate refugia management in 
multi-use landscapes around the world. 
  
157 
 
References 
ABARES (2016) The Australian Land Use and Management Classification Version 8, Australian 
Bureau of Agricultural and Resource Economics and Sciences, Canberra. CC BY 3.0. 
Armsworth, P. R., H. B. Jackson, S.-H. Cho, M. Clark, J. E. Fargione, G. D. Iacona, T. Kim, E. R. Larson, 
T. Minney, and N. A. Sutton. 2017. Factoring economic costs into conservation planning may 
not improve agreement over priorities for protection. Nature Communications 8:2253. 
Barlow, J., G. D. Lennox, J. Ferreira, E. Berenguer, A. C. Lees, R. M. Nally, J. R. Thomson, S. F. d. B. 
Ferraz, J. Louzada, V. H. F. Oliveira, L. Parry, R. Ribeiro de Castro Solar, I. C. G. Vieira, L. E. O. C. 
Aragão, R. A. Begotti, R. F. Braga, T. M. Cardoso, R. C. d. O. Jr, C. M. Souza Jr, N. G. Moura, S. S. 
Nunes, J. V. Siqueira, R. Pardini, J. M. Silveira, F. Z. Vaz-de-Mello, R. C. S. Veiga, A. Venturieri, 
and T. A. Gardner. 2016. Anthropogenic disturbance in tropical forests can double biodiversity 
loss from deforestation. Nature 535:144. 
Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., Courchamp, F., 2012. Impacts of climate 
change on the future of biodiversity. Ecology Letters 15, 365-377. 
Ben-Haim, Y. 2001. Information-gap decision theory: decisions under severe uncertainty. 
Academic Press, London. 
Catterall, C.P., Freeman, A.N., Kanowski, J., Freebody, K., 2012. Can active restoration of tropical 
rainforest rescue biodiversity? A case with bird community indicators. Biological Conservation 
146, 53-61. 
CBD (2010) COP Decision X/2. Strategic Plan for Biodiversity 2011–2020.  
Chen, I.-C., Hill, J.K., Ohlemüller, R., Roy, D.B., Thomas, C.D., 2011. Rapid range shifts of species 
associated with high levels of climate warming. Science 333, 1024-1026. 
Cummings, J., Reid, N., 2008. Stand-level management of plantations to improve biodiversity 
values. Biodiversity and Conservation 17, 1187-1211. 
Ellis, E.C., Ramankutty, N., 2008. Putting people in the map: anthropogenic biomes of the world. 
Frontiers in Ecology and the Environment 6, 439-447. 
Eyre, T.J., Maron, M., Mathieson, M.T., Haseler, M., 2009. Impacts of grazing, selective logging and 
hyper-aggressors on diurnal bird fauna in intact forest landscapes of the Brigalow Belt, 
Queensland. Austral Ecology 34, 705-716. 
Friend, G.R., 1982. Mammal populations in exotic pine plantations and indigenous eucalypt forests 
in Gippsland, Victoria. Australian Forestry 45, 3-18. 
Fung, E., Imbach, P., Corrales, L., Vilchez, S., Zamora, N., Argotty, F., Hannah, L., Ramos, Z., 2017. 
Mapping conservation priorities and connectivity pathways under climate change for tropical 
ecosystems. Climatic Change 141, 77-92. 
Game, E.T., Lipsett-Moore, G., Saxon, E., Peterson, N., Sheppard, S., 2011. Incorporating climate 
change adaptation into national conservation assessments. Global Change Biology 17, 3150-
3160. 
Grant I, Jones D, Wang W, Fawcett R, Barratt D (2008) Meteorological and Remotely Sensed 
Datasets for Hydrological Modelling: a Contribution to the Australian Water Availability Project, 
pp. 1-4. 
158 
 
Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D., Lovejoy, T.E., Sexton, 
J.O., Austin, M.P., Collins, C.D., 2015. Habitat fragmentation and its lasting impact on Earth’s 
ecosystems. Science Advances 1, e1500052. 
Hautier, Y., Isbell, F., Borer, E.T., Seabloom, E.W., Harpole, W.S., Lind, E.M., MacDougall, A.S., 
Stevens, C.J., Adler, P.B., Alberti, J., 2017. Local loss and spatial homogenization of plant 
diversity reduce ecosystem multifunctionality. Nature Ecology & Evolution, 2, 50-56. 
Jones, D.A.,Wang,W., Fawcett, R., 2007. Climate Data for the AustralianWater Availability Project: 
Final Milestone Report. National Climate Centre, Australian Bureau of Meteorology. 
Karp, D.S., Mendenhall, C.D., Sandi, R.F., Chaumont, N., Ehrlich, P.R., Hadly, E.A., Daily, G.C., 2013. 
Forest bolsters bird abundance, pest control and coffee yield. Ecology Letters 16, 1339-1347. 
Keppel, G., Van Niel, K.P., Wardell‐Johnson, G.W., Yates, C.J., Byrne, M., Mucina, L., Schut, A.G., 
Hopper, S.D., Franklin, S.E., 2012. Refugia: identifying and understanding safe havens for 
biodiversity under climate change. Global Ecology and Biogeography 21, 393-404. 
Knight, A. T., H. S. Grantham, R. J. Smith, G. K. McGregor, H. P. Possingham, and R. M. Cowling. 
2011. Land managers' willingness-to-sell defines conservation opportunity for protected area 
expansion. Biological Conservation 144:2623-2630. 
Kujala, H., Moilanen, A., Araújo, M.B., Cabeza, M., 2013. Conservation planning with uncertain 
climate change projections. Plos One 8, e53315. 
Legge, S., Kennedy, M.S., Lloyd, R., Murphy, S.A., Fisher, A., 2011. Rapid recovery of mammal 
fauna in the central Kimberley, northern Australia, following the removal of introduced 
herbivores. Austral Ecology 36, 791-799. 
Lehtomäki, J., Moilanen, A., 2013. Methods and workflow for spatial conservation prioritization 
using Zonation. Environmental Modelling & Software 47, 128-137. 
Lindenmayer, D.B., Cunningham, R.B., Donnelly, C.F., Nix, H., Lindenmayer, B.D., 2002. Effects of 
forest fragmentation on bird assemblages in a novel landscape context. Ecological Monographs 
72, 1-18. 
Lindenmayer, D.B., Cunningham, S.A., 2013. Six principles for managing forests as ecologically 
sustainable ecosystems. Landscape Ecology 28, 1099-1110. 
Lindenmayer, D.B., Wood, J.T., Cunningham, R.B., Crane, M., Macgregor, C., Michael, D., 
Montague-Drake, R., 2009. Experimental evidence of the effects of a changed matrix on 
conserving biodiversity within patches of native forest in an industrial plantation landscape. 
Landscape Ecology 24, 1091-1103. 
Luck, G.W., Triplett, S., Spooner, P.G., 2013. Bird use of almond plantations: implications for 
conservation and production. Wildlife Research 40, 523-535. 
Mackey B, Watson J, Worboys GL (2010) Connectivity conservation and the Great Eastern Ranges 
corridor, an independent report to the Interstate Agency Working Group (Alps to Atherton 
Connectivity Conservation Working Group) convened under the Environment Heritage and 
Protection Council/Natural Resource Management Ministerial Council. 
Maron, M., Fitzsimons, J.A., 2007. Agricultural intensification and loss of matrix habitat over 23 
years in the West Wimmera, south-eastern Australia. Biological Conservation 135, 587-593. 
Martin, T.G., Watson, J.E.M., 2016. Intact ecosystems provide best defence against climate 
change. Nature Climate Change 6, 122-124. 
159 
 
Maxwell, S.L., Fuller, R.A., Brooks, T.M., Watson, J.E., 2016. Biodiversity: The ravages of guns, nets 
and bulldozers. Nature 536, 143-145. 
McAlpine, C., Catterall, C.P., Mac Nally, R., Lindenmayer, D., Reid, J.L., Holl, K.D., Bennett, A.F., 
Runting, R.K., Wilson, K., Hobbs, R.J., Seabrook, L., Cunningham, S., Moilanen, A., Maron, M., 
Shoo, L., Lunt, I., Vesk, P., Rumpff, L., Martin, T.G., Thomson, J., Possingham, H., 2016. 
Integrating plant- and animal-based perspectives for more effective restoration of biodiversity. 
Frontiers in Ecology and the Environment 14, 37-45. 
McGuire, J.L., Lawler, J.J., McRae, B.H., Nunez, T.A., Theobald, D.M., 2016. Achieving climate 
connectivity in a fragmented landscape. Proceedings of the National Academy of Sciences of 
the United States of America 113, 7195-7200. 
Mendenhall, C.D., Karp, D.S., Meyer, C.F.J., Hadly, E.A., Daily, G.C., 2014. Predicting biodiversity 
change and averting collapse in agricultural landscapes. Nature 509, 213-217. 
Middendorp, R.S., Pérez, A.J., Molina, A., Lambin, E.F., 2016. The potential to restore native woody 
plant richness and composition in a reforesting landscape: a modeling approach in the 
Ecuadorian Andes. Landscape Ecology 31, 1581-1599. 
Moilanen A, Pouzols FM, Meller L, Veach V, Arponen A, Leppanen J, Kujala H (2014) Zonation 
Spatial Conservation Planning Methods and Software Version 4, User Manual. C-BIG 
Conservation Biology Informatic Group, University of Helsinki, Finland. 
www.cbig.it.helsinki.fi/software. www.cbig.it.helsinki.fi/software. 
Moilanen, A., Wintle, B.A., Elith, J., Burgman, M., 2006. Uncertainty analysis for regional‐scale 
reserve selection. Conservation Biology 20, 1688-1697. 
Murphy, S. A., J. J. Austin, R. K. Murphy, J. Silcock, L. Joseph, S. T. Garnett, N. P. Leseberg, J. E. 
Watson, and A. H. Burbidge. 2017. Observations on breeding Night Parrots (Pezoporus 
occidentalis) in western Queensland. Emu 12:1-7. 
Newbold, T., Hudson, L.N., Hill, S.L., Contu, S., Lysenko, I., Senior, R.A., Börger, L., Bennett, D.J., 
Choimes, A., Collen, B., 2015. Global effects of land use on local terrestrial biodiversity. Nature 
520, 45-50. 
Nuñez, T.A., Lawler, J.J., McRae, B.H., Pierce, D.J., Krosby, M.B., Kavanagh, D.M., Singleton, P.H., 
Tewksbury, J.J., 2013. Connectivity planning to address climate change. Conservation Biology 
27, 407-416. 
Phillips, S.J., Anderson, R.P., Schapire, R.E., 2006. Maximum entropy modeling of species 
geographic distributions. Ecological Modelling 190, 231-259. 
Phillips, S.J., Dudík, M., 2008. Modeling of species distributions with Maxent: new extensions and a 
comprehensive evaluation. Ecography 31, 161-175. 
Regan, H. M., Y. Ben-Haim, B. Langford, W. G. Wilson, P. Lundberg, S. J. Andelman, and M. A. 
Burgman. 2005. Robust decision‐making under severe uncertainty for conservation 
management. Ecological Applications 15:1471-1477. 
Reside, A.E., VanDerWal, J., Moran, C., 2017. Trade-offs in carbon storage and biodiversity 
conservation under climate change reveal risk to endemic species. Biological Conservation 207, 
9-16. 
Reside AE, VanDerWal J, Phillips BL, Shoo LP, Rosauer D, Anderson BJ, Welbergen JA, Moritz C, 
Ferrier S, Harwood TD, Williams KJ, Mackey BG, Hugh S, Williams SE (2013) Climate Change 
160 
 
Refugia for Terrestrial Biodiversity: Defining Areas That Promote Species Persistence and 
Ecosystem Resilience in the Face of Global Climate Change. NCCARF, Gold Coast, p. 216. 
Rogelj, J., Meinshausen, M., Knutti, R., 2012. Global warming under old and new scenarios using 
IPCC climate sensitivity range estimates. Nature Climate Change 2, 248. 
Scheffers, B.R., De Meester, L., Bridge, T.C.L., Hoffmann, A.A., Pandolfi, J.M., Corlett, R.T., 
Butchart, S.H.M., Pearce-Kelly, P., Kovacs, K.M., Dudgeon, D., Pacifici, M., Rondinini, C., Foden, 
W.B., Martin, T.G., Mora, C., Bickford, D., Watson, J.E.M., 2016. The broad footprint of climate 
change from genes to biomes to people. Science 354, aaf7671. 
Selinske, M. J., J. Coetzee, K. Purnell, and A. T. Knight. 2015. Understanding the motivations, 
satisfaction, and retention of landowners in private land conservation programs. Conservation 
Letters 8:282-289. 
Seppelt, R., Beckmann, M., Ceausu, S., Cord, A.F., Gerstner, K., Gurevitch, J., Kambach, S., Klotz, S., 
Mendenhall, C., Phillips, H.R.P., Powell, K., Verburg, P.H., Verhagen, W., Winter, M., Newbold, 
T., 2016. Harmonizing biodiversity conservation and productivity in the context of increasing 
demands on landscapes. Bioscience 66, 890-896. 
Shoo, L.P., Hoffmann, A.A., Garnett, S., Pressey, R.L., Williams, Y.M., Taylor, M., Falconi, L., Yates, 
C.J., Scott, J.K., Alagador, D., Williams, S.E., 2013. Making decisions to conserve species under 
climate change. Climatic Change 119, 239-246. 
Tabor, K., and J. W. Williams. 2010. Globally downscaled climate projections for assessing the 
conservation impacts of climate change. Ecological Applications 20:554-565. 
Urban, M.C., 2015. Accelerating extinction risk from climate change. Science 348, 571-573. 
Venter, O., R. A. Fuller, D. B. Segan, J. Carwardine, T. Brooks, S. H. Butchart, M. Di Marco, T. 
Iwamura, L. Joseph, and D. O'Grady. 2014. Targeting global protected area expansion for 
imperiled biodiversity. PLoS Biology 12:e1001891. 
Venter, O., Sanderson, E.W., Magrach, A., Allan, J.R., Beher, J., Jones, K.R., Possingham, H.P., 
Laurance, W.F., Wood, P., Fekete, B.M., Levy, M.A., Watson, J.E.M., 2016. Sixteen years of 
change in the global terrestrial human footprint and implications for biodiversity conservation. 
Nature Communications 7, e12558. 
Warren, R., VanDerWal, J., Price, J., Welbergen, J., Atkinson, I., Ramirez-Villegas, J., Osborn, T., 
Jarvis, A., Shoo, L., Williams, S., 2013. Quantifying the benefit of early climate change mitigation 
in avoiding biodiversity loss. Nature Climate Change 3, 678-682. 
Watson, J.E., Shanahan, D.F., Di Marco, M., Allan, J., Laurance, W.F., Sanderson, E.W., Mackey, B., 
Venter, O., 2016a. Catastrophic declines in wilderness areas undermine global environment 
targets. Current Biology 26, 2929-2934. 
Watson, J.E.M., Evans, T., Venter, O., Williams, B., Tulloch, A., Stewart, C., Thompson, I., Ray, J.C., 
Murray, K., Salazar, A., McAlpine, C., Potapov, P., Walston, J., Robinson, J.G., Painter, M., Wilkie, 
D., Filardi, C., Laurance, W.F., Houghton, R.A., Maxwell, S., Grantham, H., Samper, C., Wang, S., 
Laestadius, L., Runting, R.K., Silva-Chávez, G.A., Ervin, J., Lindenmayer, D., 2018. The exceptional 
value of intact forest ecosystems. Nature Ecology & Evolution 2, 599-610. 
Watson, J.E.M., Jones, K.R., Fuller, R.A., Di Marco, M., Segan, D.B., Butchart, S.H.M., Allan, J.R., 
McDonald-Madden, E., Venter, O., 2016b. Persistent disparities between recent rates of habitat 
conversion and protection and implications for future global conservation targets. Conservation 
Letters 9, 413-421. 
161 
 
Wilby, R. L., S. P. Charles, E. Zorita, B. Timbal, P. Whetton, and L. O. Mearns. 2004. Guidelines for 
use of climate scenarios developed from statistical downscaling methods. IPCC Task Group on 
data and scenario support for Impact and Climate Analysis (TGICA) {www.ipcc-
data.org/guidelines/dgm_no2_v1_09_2004.pdf} 
Williams, S., VanDerWal, J., Isaac, J., Shoo, L., Storlie, C., Fox, S., Bolitho, E., Moritz, C., Hoskin, C., 
Williams, Y., 2010. Distributions, life history specialisation, and phylogeny of the rainforest 
vertebrates in the Australian Wet Tropics. Ecology 91, 2493. 
Wilson, S. J., and J. M. Rhemtulla. 2016. Acceleration and novelty: community restoration speeds 
recovery and transforms species composition in Andean cloud forest. Ecological Applications 
26:203-218. 
Wintle, B., Lindenmayer, D., 2008. Adaptive risk management for certifiably sustainable forestry. 
Forest Ecology and Management 256, 1311-1319. 
Yates, C.J., Norton, D.A., Hobbs, R.J., 2000. Grazing effects on plant cover, soil and microclimate in 
fragmented woodlands in south‐western Australia: implications for restoration. Austral Ecology 
25, 36-47. 
 
  
162 
 
 
 
 
 
 
 
 
 
 
7 Conclusion  
In this concluding chapter, I discuss the major findings from each thesis chapter and describe in 
more detail some limitations of my research. I also present some collective thoughts as I reflect on 
the thesis as a whole. I end this chapter with suggestions for future research that I believe will help 
overcome persistent knowledge and capacity gaps that constrain global efforts to stem species loss 
from climate change.  
 
Accounting for discrete and indirect climate impacts in climate-smart conservation 
Climate change research to date has substantially improved our ability to assess and plan for direct 
impacts from continuous forms of climate change (Chapman et al. 2014, Jones et al. 2016). But the 
ability to assess and plan for discrete and indirect impacts of climate change lags far behind 
(Watson 2014, Jones et al. 2016). Chapters 2 and 3 sought to address this research gap.  
In chapter 2, I comprehensively review and categorise documented species’ responses to extreme 
weather events in natural systems. Collectively, the studies in this review support calls to 
incorporate species responses to extreme events into climate vulnerability assessments and 
adaptation plans. Species’ responses were observed across all ecological levels, from individuals to 
ecosystems, and over half were found to be negative. A population decline of >25% was the most 
common response to an extreme event observed in natural systems, followed by a change in species 
composition.  
Chapter 2 also revealed the paucity of long-term and recovery-focused studies of species responses 
to extreme events, which limits efforts to measure sensitivity and adaptive capacity to more 
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frequent and intense events. These limitations, together with inaccurate long-term predictions of 
extreme event patterns (Bindoff et al. 2013), means that assessing and planning for impacts from 
extreme events remains a pressing challenge. Research priorities to help overcome this challenge 
appear to include species responses to heat and cold waves, reptilian responses to cyclones, 
mammalian and bird responses to drought, and clarifying ambiguous species responses. 
In chapter 3, I present a framework that allows conservation practitioners to assess and plan for 
indirect impacts on species that arise from human responses to climate change. I purposefully built 
the framework upon existing recommendations for climate-smart conservation (Foden et al. 2013, 
Stein et al. 2014) to maximise its utility for practitioners. I discuss ways in which indirect impacts 
can reduce or elevate a species’ vulnerability to climate change. I also provide a hypothetical 
assessment of risk and feasibility levels associated with three actions (resistant, change and dual 
benefit actions) that could be used to reduce indirect impacts of climate change.  
Like extreme weather events, it is difficult to accurately predict human responses to climate change, 
which may constrain the practical application of the planning framework presented in chapter 3. 
Cases where indirect impacts have been integrated into vulnerability and planning  efforts (e.g. 
Segan et al. (2015)) typically focus on human responses that can be mapped or predicted, such as 
shipping traffic in the Arctic (Stephenson et al. 2011) or human migration (Midgley et al. 2011). 
Measuring and predicting less obvious human responses that can have dramatic indirect impacts on 
species, such as hunting pressure (Robinson et al. 1999) and increased groundwater extraction (Shu 
et al. 2013), remains challenging, and may require the creative use of large data sets generated by 
mobile phones (e.g. Blumenstock et al. (2015)) or social media platforms (e.g. Kryvasheyeu et al. 
(2016)).  
 
Evaluating intact forest protection in a time of climate change 
Intact ecosystems are the most effective defence against climate-driven species declines (Martin 
and Watson 2016). Conserving intact ecosystems in the long-term will heavily rely on the effective 
siting and management of protected areas. In chapters 4 and 5, I aim to clarify how protected area 
governance type, and the biophysical and socioeconomic factors acting on protected areas influence 
their ability to conserve intact ecosystems.  
 In chapter 4, I estimate the amount of intact forest loss that was avoided between years 2000 and 
2014 due to state-run and indigenous protected areas in Brazil. Both governance types were 
effective at retaining intact forest cover, with state-run protected areas outperforming indigenous 
protected areas. This was the first county-wide analysis of its kind, and reinforces the importance of 
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both state-run and indigenous protected areas during a time when the Brazilian government is 
withdrawing support for environmental protection (Fearnside 2016, Crouzeilles et al. 2017).  
The findings in chapter 4 could be made more useful for conservation practitioners in Brazil, 
however, if they were to parse out the relative effectiveness of more strict state-run protected areas 
(i.e. IUCN category Ia, Ib and II). Chapter 4 could be further strengthened by including measures 
forest degradation. Forest degradation is caused by the thinning or fragmentation of forests, and 
recent studies show it to have substantial impacts on both biodiversity (Barlow et al. 2016) and 
ecosystem service provision (Baccini et al. 2017). 
Enhancing protected area effectiveness requires knowledge of what processes drive management 
performance. In chapter 5, I explored how rates of intact forest loss inside tropical protected areas 
are influenced by different biophysical and socioeconomic factors. I showed control of corruption 
to be the most important predictor of forest retention, and that protected areas lost more forest cover 
when located on marginal agricultural land. These findings advance the current understanding of 
protected forest loss in two ways.  
First, I believe it is the only empirical evidence for corrupt governance influencing deforestation 
inside protected areas. The reliability of this result could be improved, however, if fully spatially-
resolved data on socioeconomic factors like corruption were available. I had to use a relatively 
complicated model design to account for the differences in spatial scale among deforestation 
predictor variables, and methods to evaluate the variation explained by this model design are not yet 
developed (Nakagawa and Schielzeth 2013).  
A second new insight offered in chapter 5 was the negative effect of agricultural suitability on 
deforestation rates. This relationship runs contrary to previous studies of deforestation patterns in 
unprotected lands, where forest loss has been greater in areas suitable for agricultural production 
(Foley et al. 2005, Gibbs et al. 2010). In chapter 5, I suggest that this result implies deforestation in 
tropical protected areas is being driven by local subsistence needs for timber, fibre and fuel. 
Confidence in this finding could be improved if future studies of drivers of protected forest loss 
include a direct measure of subsistence demands for timber resources.  
 
Promoting climate adaptation in multi-use landscapes 
Earth’s terrestrial surface is dominated by multi-use landscapes (Ellis and Ramankutty 2008). 
Species find it particularly difficult to adapt to climate change in a multi-use landscape (Haddad et 
al. 2015) unless they have access to climate refugia (Game et al. 2011, Keppel et al. 2012). In 
chapter 6, I developed two planning scenarios to secure climate refugia for 1,036 vertebrate species 
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in Australia’s Great Dividing Range (GDR) – a scenario that permits both the retention of high 
quality habitat and the restoration of land currently used for forestry or agriculture (i.e. ‘retention 
and restoration’) and a scenario that permits only the retention of high quality habitat (i.e. 
‘retention-only’).  
I found that a retention-only approach would deliver equivalent ecological benefits for most 
species, and enhance protection coverage for 95 other species, when compared to a retention and 
restoration approach. These results imply that retaining remnat patches of high quality habitat in the 
GDR is key to helping the majority of climate-imperilled species cope with climate change. 
However, under the retention-only scenario, seven species (including four species listed as 
threatened under Australia’s EBPC Act) will gain more than 50% of distribution coverage in refuge 
sites when compared to the retention and restoration scenario. This finding indicates that some 
restoration and promotion of biodiversity friendly farming practices in the GDR is necessary to 
secure climate-imperilled species that are unlikely to benefit from the siting of habitat retention 
efforts away from agricultural lands. Managers of land used for native forestry and horticulture will 
require extra support to restore land or transition to biodiversity-friendly farming practices as these 
land uses had high proportional overlaps with refuge sites. 
It is worth pointing out here two limitations of the chapter 6 study. First, I did not reveal the extent 
to which agricultural lands would need to be restored in order to support species adaptation to 
climate change. Highly transformed land uses, such as irrigated cropping, would require extensive 
and active restoration efforts before being inhabitable for the vast majority of species (Wilson and 
Rhemtulla 2016). However, less intensive agricultural land can provide viable habitat for species of 
conservation concern (Mendenhall et al. 2014, Murphy et al. 2017) and hence may only require 
small amounts of restoration or slight changes in farming practices to effectively house climate-
imperilled species. 
Information to effectively tie land-use condition in the GDR to individual species habitat 
requirements was not available at the time chapter 6 was written. But recent studies of how local 
ecological assemblages respond to alternative land uses (e.g. Newbold et al. (2015)) may help 
future spatial prioritisations relax the assumption that species only utilise high quality habitat. 
Further studies of local ecological responses to land use and land use change will lead to more 
refined assessments of how low-intensity agricultural land use can contribute to biodiversity 
conservation efforts. Such information will also improve the ability to evaluate restoration costs 
borne by different agricultural sectors.  
Another limitation of chapter 6 is that, like the vast majority of spatial prioritisations, it assumes all 
land throughout the planning region is available for acquisition or restoration. In practice, such 
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actions are constrained by land-owner willingness to engage in conservation efforts (Knight et al. 
2011), which hinge on unforeseen motivations or factors (Selinske et al. 2015), making it difficult 
to accurately measure. But incorporating such measures into spatial conservation prioritizations will 
improve their practicality. 
Future directions 
Reflecting on the conclusions of this thesis, I have identified some persistent knowledge gaps that 
constrain our ability to slow global species loss. These knowledge gaps include having up-to-date 
information on land use dynamics in agricultural systems, and having better predictions of how 
dynamic threats will influence conservation effectiveness in the near future. In the following 
paragraphs, I describe future research directions that may help close these knowledge gaps.  
 
Monitoring dynamic agricultural landscapes 
This decade has seen huge advances in our ability to monitor biodiversity threat dynamics. Most 
notably, there have been great improvements in our ability to monitor changes in forest cover 
(Hansen et al. 2013), and human pressure on the environment (Venter et al. 2016). In both cases, 
globally consistent information on threat dynamics at an unprecedentedly high spatial and temporal 
resolution was made publically available, which has subsequently led to an explosion of impact-
orientated conservation research. The release of threat information has also led to sweeping changes 
in environmental policy. The Brazilian government’s lauded crackdown on deforestation whilst 
successfully growing their agricultural sector was largely attributed to having transparent and 
accessible information on forest cover change (Seymour and Busch 2016). Similar products that 
monitor the dynamic nature of other major threats to biodiversity are now needed. 
Agricultural activity is one of the largest drivers of biodiversity decline globally (Maxwell et al. 
2016). Over 80% of arable land is already being used to produce food (FAO 2017), and as nations 
strive to meet the demands of a growing human population, the pressure on biodiversity is likely to 
intensify. Because it is so pervasive, it is easy to think of agriculture land use as static. But in 
reality, agricultural land uses are highly subject to change. Land managers are forced to adapt 
agricultural practices in response to economic and climate changes (van Vliet et al. 2012, Wood et 
al. 2014). In some cases, this adaptation can be detrimental to biodiversity, such as when land 
managers decide to clear remnant vegetation, work their soils more intensively, or run higher 
densities of livestock (Hutchinson and King 1980, Du Toit and Cumming 1999, Maron and 
Fitzsimons 2007). Conversely, land manager adaptation can also be beneficial to biodiversity, such 
as when they release environmental water flows, re-establish native vegetation to provide livestock 
167 
 
shelter and retain soil, or diversify income through carbon farming mechanisms (Karki and 
Goodman 2010, Evans et al. 2015).   
Clearly the kinds of land use dynamics brought on by land manager decision-making is highly 
relevant to species that utilise or rely on agricultural lands for persistence. As such, I see great value 
in an information product that monitors agricultural land use dynamics, similar to the way the 
Global Forest Change data product (Hansen et al. 2013) monitors forest dynamics, or the human 
footprint (Venter et al. 2016) monitors human pressure on the environment. I envisage that the 
product would combine information on human infrastructure (e.g. roads, dams, fences), land use 
(e.g. crop, pasture, horticulture), land management practices (e.g. tillage or no-till systems), forest 
dynamics (e.g. change in forest size, shape and quality), and species-specific habitat suitability and 
connectivity requirements to derive a spatially resolved measure of land use change impacts  on 
biodiversity. The product could be expanded to also monitor ecosystem service provision, including 
carbon stocks, soil retention and pollination. Much of the information fed into the product can be 
derived from satellite imagery or citizen science, making it transparent and updateable.  
Governmental bodies have made available to land managers large sustainable agriculture funding 
schemes (e.g. Australian Government's National Landcare Programme 
(www.landcareaustralia.org.au), European Innovation Partnership for Agricultural Productivity and 
Sustainability (EIP-AGRI)). Funding approval for these schemes is usually granted on a case-by-
case basis, and typically relies on subjective measures of the extent to which existing land use 
practices can be made more sustainable. This makes preparing and evaluating funding proposals 
very labour intensive.  
Governmental bodies also have a limited capacity to monitor the long-term effectiveness of 
approved projects. The ecological, social and economic outcomes of sustainable agriculture funding 
schemes would benefit from an information product that can monitor land use dynamics in 
agricultural systems. Such a product could also leverage new sources of philanthropic support for 
sustainable land use activities, including though emerging platforms like ‘Preserve in Community’ 
(www.picparks.com). My ultimate hope for more transparent monitoring of fine scale land use 
dynamics in agricultural landscapes is that it would be used to reward responsible land managers, 
and facilitate wider adoption of sustainable land use practices on farmlands. 
 
Predicting how dynamic threats will influence conservation effectiveness  
Just as there have been rapid advances this past decade in our ability to monitor deforestation and 
human pressures on the environment, the capacity to predict threat dynamics has also been 
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substantially improved. Most notably, thousands of scientists have collaborated to improve 
predictions of climate change impacts on the environment (IPCC 2014) – a contribution that was 
awarded the Nobel Peace Prize in 2007. The global circulation models that underpin climate change 
predictions have been fundamental in assessments of species vulnerability to climate change (Foden 
et al. 2013). These models have also been used to identify the most climate-vulnerable human 
communities (Althor et al. 2016). There now seems scope to extend climate change models to better 
predict where and when human adaptation to climate change will present risks and opportunities for 
biodiversity conservation.  
A promising modelling approach for identifying emergent conservation risks and opportunities 
associated with human responses to climate change is socioecological modelling. Socioecological 
models are mathematical representations of coupled human-natural systems. They can explicitly 
link how human behaviour influences species and ecosystems of conservation importance (Ban et 
al. 2013).  
By incorporating alternative climate change scenarios into socioecological modelling, it may be 
possible to explore how human responses to climate change affect the expected performance of 
alternative conservation strategies. For example, HUMENTS (Human-ENvironmenT interactionS) 
is a socioecological model of the Greater Serengeti Ecosystem (GSE) in East Africa (Holdo et al. 
2010). Humans in the GSE allocate their time between cropping, hunting and livestock 
management, and time invested in these behaviours largely depends on rainfall patterns and 
constraints imposed by conservation actions (Costello et al. 2008). Through land-use change and 
hunting, human behaviour in the GSE influences the population viability of migratory wildebeest 
(Connochaetes taurinus) - an iconic species threatened by poaching, habitat degradation and 
climate change (Holdo et al. 2009).  
HUMENTS has been used to assess the likely future impacts of climate change and antipoaching 
efforts on wildebeest population dynamics, habitat structure and human behaviour in the GSE 
(Holdo et al. 2010). The HUMENTS model could be expanded to design an optimal conservation 
strategy for wildebeest under a scenario where human behaviour is held constant – simulating a 
case where human responses to climate change are ignored. This strategy could then be compared 
to one that considers likely human responses to climate change. Because human behaviour 
ultimately drives the spatiotemporal distribution of processes that threaten wildebeest in the GSE 
(Holdo et al. 2010), comparing these two conservation strategies may show how seemingly optimal 
management strategies can become sub-optimal once we account for human responses to climate 
change.  
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By expanding the use of socioecological modelling to inform conservation decision-making, this 
proposed research may help address persistent gaps in available and required techniques to 
successfully plan for dynamic threats in conservation.  
 
Closing remarks 
Our generation is charged with solving the two great challenges of our time: climate change and 
global biodiversity loss. These issues are huge and overlapping, and the field of conservation 
science has a major role to play in their resolution. I am hopeful that this thesis contributes in a 
small way to that resolution.  But ultimately, scientific progress to solve this generation’s biggest 
challenges will need to be met by a social and political willingness to implement scientific 
recommendations. I am buoyed by examples of conservation science improving the effectiveness of 
environmental policy, and vice versa. But I hope for a future where humanity stops playing a game 
of cat and mouse with itself – where phases of environmental progress are continually undermined 
by political backtracking. The environmental crises we face today are an opportunity to adopt new 
economic and social ways of life that will lead to a healthy, safe and happy society for all (Klein 
2014). But we need our individual and collective decisions to support the greatest happiness for the 
greatest number. Here’s hoping that such decision-making becomes the norm, because a life worth 
living needs nature. 
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Appendix 2.1 Additional search terms used to refine literature search. 
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Appendix 2.2 Studies of ecological responses to extreme events in natural systems.   
 
Authors Year Journal 
Abeli, T.;Rossi, G.;Gentil i , R.;Gandini, M.;Mondoni, 
A.;Cristofanelli , P. 
2012 Nordic Journal of Botany 
Acreman, M. 1991 Scottish Geographical Magazine 
Adams, A. 2001 Bulletin of Marine Science 
Adams, A. A. Y., Skagen, S. K., Savidge, J. A. 2006 Ecology 
Adams, A. J.;Ebersole, J. P. 2004 Bulletin of Marine Science 
Adams, R. A. 2010 Ecology 
Adams, S. B.;Warren, M. L. 2005 
Transactions of the American 
Fisheries Society 
Adams, S. M.;Greeley, M. S.;Law, J. M.;Noga, E. 
J.;Zelikoff, J. T. 
2003 Estuaries 
Aguirre-Macedo, M. L.;Vidal-Martinez, V. 
M.;Lafferty, K. D. 
2011 
International Journal for 
Parasitology 
Ahlers, A. A., Schooley, R. L., Heske, E. J., Mitchell, 
M. A. 
2010 
Canadian Journal of Zoology-
Revue Canadienne De Zoologie 
Ahlers, A. A.;Cotner, L. A.;Wolff, P. J.;Mitchell, M. 
A.;Heske, E. J.;Schooley, R. L. 
2015 Plos One 
Aiba, S. I.;Kitayama, K. 2002 Journal of Tropical Ecology 
Albright, T. P., Pidgeon, A. M., Rittenhouse, C. D., 
Clayton, M. K., Flather, C. H., Culbert, P. D., 
Radeloff, V. C. 
2011 Remote Sensing of Environment 
Albright, T. P., Pidgeon, Anna M., Rittenhouse, 
Chadwick D., Clayton, Murray K., Flather, Curtis H., 
Culbert, Patrick D., Wardlow, Brian D., Radeloff, 
Volker C. 
2010 Global Change Biology 
Allison, S. K. 1996 American Midland Naturalist 
Anderson, A. M., Ferrington, Leonard C., Jr. 2013 Hydrobiologia 
Andrello, M., Bizoux, Jean-Philippe, Barbet-Massin, 
Morgane, Gaudeul, Myriam, Nicole, Florence, Til l -
Bottraud, Irene 
2012 Biological Conservation 
Angelier, F., Tonra, Christopher M., Holberton, 
Rebecca L., Marra, Peter P. 
2011 Journal of Avian Biology 
Apodaca, J. J., Trexler, Joel C., Jue, Nathaniel K., 
Schrader, Matthew, Travis, Joseph 
2013 American Naturalist 
Arcese, P., Smith, J. N. M., Hochachka, W. M., 
Rogers, C. M., Ludwig, D. 
1992 Ecology 
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Appendix 2.3 Review of ecological responses to extreme events observed in ecological systems 
between 1941 and July, 2015. Review synthesises 534 observational studies that appear in 205 
different journals.  
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Appendix 2.4 Number of ecological responses to extreme events observed in different ecosystems. 
Responses are further categorized by taxonomic group. Responses in wetlands include responses in 
marshes, aquifers, and artesian springs.  
 
C
o
ld
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Amphibian Bird Fish Invertebrate Mammal Plant Reptile Total 
Coastal 
   
1 
  
1 2 
Estuarine 
 
1 
     
1 
Freshwater 
 
2 
 
4 
   
6 
Marine 
  
2 
    
2 
Riparian 
        
Terrestrial 2 14 
  
10 19 
 
45 
Wetland 
        
Total 2 17 2 5 10 19 1 56 
 
         
C
yc
lo
n
e 
 
Amphibian Bird Fish Invertebrate Mammal Plant Reptile Total 
Coastal 2 9 1 3 3 6 6 30 
Estuarine 
  
8 3 
 
4 
 
15 
Freshwater 
  
20 7 
 
2 1 30 
Marine 
  
14 12 5 5 1 37 
Riparian 1 2 2 
  
3 2 10 
Terrestrial 6 43 
 
18 20 61 4 152 
Wetland 2 
    
2 
 
4 
Total 11 54 45 43 28 83 14 278 
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Appendix 2.4 (cont.) Number of ecological responses to extreme events observed in different 
ecosystems. Responses are further categorized by taxonomic group. Responses in wetlands include 
responses in marshes, aquifers, and artesian springs.  
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Amphibian Bird Fish Invertebrate Mammal Plant Reptile Total 
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3 3 43 
Marine 
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5 35 49 4 128 
Wetland 9 
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2 2 15 
Total 11 39 24 25 37 55 9 200 
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Amphibian Bird Fish Invertebrate Mammal Plant Reptile Total 
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2 2 
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Freshwater 1 2 21 29 
 
5 1 59 
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3 
  
1 
 
4 
Riparian 
 
7 
 
7 2 3 
 
19 
Terrestrial 
 
10 
 
6 12 8 1 37 
Wetland 
 
4 
 
1 
   
5 
Total 1 27 26 45 14 18 2 133 
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Appendix 2.5 The percentage (%) of observational studies that were carried out within 12 months 
(i.e. one year) or across multiple years. Percentages are summarised by (A) the type of extreme 
event and (B) the type of ecological response to an extreme event.  
 
(A)  
     
 
Cold wave Cyclone Drought Flood Heat wave 
Single-year 38 52 27 36 52 
Multi-year 63 48 74 64 48 
 
(B)  
 
 
Ambiguous Negative Neutral Positive 
Single-year            35             40             46             49  
Multi-year            65             60             54             51  
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Appendix 2.6 Categorisation and quantification of ecological responses to extreme events shown 
for studies that observed responses (A) within one-year (n = 282) and (B) across multiple-years (n = 
416).  
 
(A)  
 
 
(B)   
 
 
  
196 
 
Appendix 2.7 (A) The percentage (%) of studies that monitored for ecological recovery following 
extreme event exposure, and the percentage of studies that observed recovery if they monitored for 
it. (B) Frequency distribution table for the time (years) taken for ecological recovery to occur 
following extreme event exposure.  
 
(A)  
 
W
as
 r
ec
o
ve
ry
 
m
o
n
it
o
re
d
? 
W
as
 r
ec
o
ve
ry
 
o
b
se
rv
ed
? 
 
C
o
ld
 w
av
e
 
C
yc
lo
n
e
 
D
ro
u
gh
t 
Fl
o
o
d
 
H
ea
t 
w
av
e
 
To
ta
l 
No             70             58             66             51             61             60  
 
 
      
Yes             30             42             34             49             39             40  
 No            18             43             31             38             50             38  
 Partial            18               6               9             11              -    
 
 Yes            65             51             60             51             50             54  
 
(B) 
 
Years to recovery 
<1 1 2 3 4 5 6 8 10 14 20 
40 45 46 13 7 16 3 1 1 1 1 
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Appendix 2.8 The percentage (%) of ambiguous, negative, neutral and positive ecological 
responses to extreme events that occurred between 1941 and July, 2015 by ecosystem type.  
 
Ecosystem Ambiguous Negative Neutral Positive 
Coastal 15 65 15 5 
Estuarine 18 54 14 14 
Freshwater 33 42 12 13 
Marine 19 44 17 21 
Riparian 25 53 9 13 
Terrestrial 21 63 9 7 
Wetland 20 56 8 16 
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Appendix 4.1 Model coefficient table for predictors of protected area location.  
Improving the balance of agricultural suitability and distance to road attributes among sample sites 
was important given that a probit model of protected area location showed these variables to 
significantly influence the siting of protected plots. 
  
 Estimate Std. Error z value P(>|z|) AIC Var. 
explained 
Intercept -0.592 0.023 25.275 <2e-16 *** 36385 3.9 
Elevation 0.000 0.000 0.058 0.953   
Agricultural 
suitability  
0.007 0.000 -17.383 <2e-16 ***   
Distance to road 0.026 0.008 31.933 <2e-16 ***   
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Appendix 4.2 Influence of spatial spill over on deforestation trends.  
We found very little evidence for spatial spill over of deforestation from protected areas into areas 
within 5 km of a protected area boarder.  
 
 Effect of protection Sample plots (n)  Var. explained 
  Nearby   Control   
All PAs -0.96 (0.91 – 1.01) 6,252 12,504 NA 
IUCN PAs -1.02 (0.94 – 1.10) 2,691 5,382 NA 
Indigenous PAs -0.90 (0.84 – 0.95)*  3,561 7,122 0.1 
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Appendix 5.1 Full suite of predictor variables considered in Chapter 5 analysis.  
Description of predictor variables included in analysis and their hypothesized relationship with 
deforestation inside protected areas. Variables are measured at local (L) and national (N) scales. 
The expected direction of relationships is indicated as positive (+) or negative (-).  
 
  
Variable Scale Description and source R’ship Justification 
Agricultural 
suitability  
L Mean agricultural suitability 
inside protected areas based on 
climate and soil properties. 
Source: Ramankutty et al. (2002). 
+ The incentive to illegally clear forested 
land may be greater if the land is 
highly suitable for agriculture 
Ruggedness L Mean change in elevation 
(degrees) inside protected areas 
derived from 300-m resolution 
SRTM data and averaged to 1km.  
Source: Data available from the 
U.S. Geological Survey. 
– It is more difficult to operate forest 
clearing machinery on land that is 
rugged 
Remoteness L Mean distance from protected 
areas to nearest road (in km).  
Source: CIESEN (2013a). 
– It may be more difficult to clear 
forested land in areas that are difficult 
to access 
Protected area size  L Protected area size (in km2).   
Source:  IUCN, UNEP-WCMC 
(2015). 
– Larger protected areas are susceptible 
to forest loss due to reduced edge 
effects 
Human population 
growth  
L Growth of human population 
density inside and around (10km 
buffer) protected areas between 
years 2000 and 2010 (%). 
Source: CIESIN (2013b) 
+ Forests are cleared to make way for 
infrastructure and agricultural 
development associated with human 
population growth  
Time since 
protected area 
designation  
L Years since protected area was 
formally designated. Source:  
IUCN, UNEP-WCMC (2015). 
? Older protected areas have established 
and effective management practices, 
and as such afford forests greater 
protection. Alternatively, younger 
protected areas attract larger budgets.  
Human 
Development Index 
(HDI) 
N A summary measure of life 
expectancy, education level, and 
income per capita. Source: 
UNDP (2015) 
– More developed nations have the 
resources and aptitude required to 
maintain forest cover in protected areas 
Control of 
corruption  
N Captures perceptions of the 
extent to which public power is 
exercised for private gain, 
including both petty and grand 
forms of corruption, as well as 
influence by elites and private 
interests. Source: Kaufmann et al. 
(2011). 
– Less corrupt nations are better able to 
enforce protected area rules and 
regulations 
Gross national 
income per capita at 
purchasing power 
parity 
N The mean (between 2000 and 
2010) value of goods produced 
and services provided in a 
country adjusted to account for 
the purchasing power of the 
country’s currency. Source: 
World Bank (2015b) 
+ High PPP GNI per capita may increase 
both forest management capacity  
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Appendix 5.1 (cont.)  
Description of predictor variables included in analysis and their hypothesized relationship with 
deforestation inside protected areas. Variables are measured at local (L) and national (N) scales. 
The expected direction of relationships is indicated as positive (+) or negative (-). 
 
References for Appendix 5.1 
CIESEN - Center for International Earth Science Information Network - Columbia University. 
(2013a) Global Roads Open Access Dataset, V1 gROADSv1. Palisades, NY: NASA 
Socioeconomic Data and Applications Center (SEDAC). Accessed 15 July 2015.  
CIESEN - Center for International Earth Science Information Network - Columbia University. 
(2013b) Gridded Population of the World, Version 4 (GPWv4): Population Density. 
Palisades, NY: NASA Socioeconomic Data and Applications Center (SEDAC). Accessed 15 
July 2015.  
FAO. (2015a) Roundwood production. Food and Agriculture Organisation. Available at: 
http://www.fao.org/faostat/en/#data/FO 
FAO. (2015b) Value added agriculture. Food and Agriculture Organisation. Available at: 
http://www.fao.org/faostat/en/#data/FO 
Kaufmann D., Kraay A., Mastruzzi M. (2011) The Worldwide Governance Indicators: methodology 
and analytical issues. Hague Journal on the Rule of Law 3, 220-246. 
Ramankutty N., Foley J.A., Norman J., McSweeney K. (2002) The global distribution of cultivable 
lands: current patterns and sensitivity to possible climate change. Global Ecology and 
Biogeography 11, 377-392. 
UNDP. (2015) Human Development Index. United Nations Development Programme. Available at: 
http://hdr.undp.org/en/data 
IUCN, UNEP-WCMC (2015) World Database on Protected Areas (WDPA) [June, 2015 version]. 
Cambridge, UK: UNEP Worls Conservation Monitoring Centre. Available at: 
www.protectedplanet.net 
World Bank (2015a) Foreign direct investment, net inflows (% of GDP). The World Bank. 
Available at: https://data.worldbank.org/indicator/BX.KLT.DINV.WD.GD.ZS 
World Bank (2015b) Gross National Income (GNI) per capita at Purchasing Power Parity (PPP).  
The World Bank. Available at: https://data.worldbank.org/indicator/NY.GNP.PCAP.PP.CD 
Variable Scale Description and source R’ship Justification 
Roundwood 
production  
N Mean annual trade of roundwood between 2000 and 
2014, where trade is reported in physical units of cubic 
meters (m3) or tones. Roundwood production comprises 
all quantities of wood felled and removed from forested 
areas and other wooded land. Source: (FAO 2015a) 
+ The incentive to illegally 
clear forested land may be 
greater in economies 
produce more timber 
products 
Foreign 
investment 
N Contribution (%) of direct foreign investment to national 
gross domestic product. Source: World Bank (2015a) 
– Greater foreign investment 
leads to loss of sovereignty 
and management over 
natural resources 
Value added 
agriculture 
N Contribution (%) of forestry, hunting, fishing, 
cultivation, livestock sectors to national gross domestic 
product. Source: (FAO 2015b) 
– Forests are cleared to make 
way for agricultural 
development 
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Appendix 5.2 Preliminary phase GLMMs  
Results of preliminary phase GLMMs (negative binomial error distribution with log links) 
explaining variation in deforestation inside tropical protected areas. Phases include (a) biophysical 
covariates, (b) economic covariates, and (c) social and governance covariates. Dataset includes 
1,605 tropical protected areas located within 35 countries. *** - significant at p<0.001, ** - 
significant at p<0.01, * - significant at p<0.05  
 
(a)  
 
 Estimate SE t-value Pr(>|z|)  
(Intercept) 1.38 0.10 13.32 0.00 *** 
Agricultural suitability -0.17 0.04 -4.07 0.00 *** 
Ruggedness -0.40 0.03 -13.53 0.00 *** 
Remoteness -0.12 0.03 -3.61 0.00 *** 
Protected area size -0.08 0.03 -2.45 0.01 * 
 
(b)  
 
 Estimate SE t-value Pr(>|z|)  
(Intercept) 1.01 0.19 5.19 0.00 *** 
Foreign investment 0.04 0.09 0.48 0.63  
Value added agriculture 0.12 0.06 1.95 0.05  
Roundwood production 0.05 0.19 0.27 0.79  
 
(c)  
 Estimate SE t-value Pr(>|z|)  
(Intercept) 0.51 0.24 2.11 0.04 * 
Control of corruption -0.59 0.19 -3.07 0.00 ** 
Time since protected area designation -0.04 0.03 -1.09 0.28  
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Appendix 5.3 Model selection table  
Model selection table all possible models (GLMM with negative binomial error distribution and log 
links) given the final candidate list of predictor variables. Dataset includes 1,605 tropical protected 
areas located within 35 countries. 
Model  (Intercept) 
A
g
r
ic
u
lt
u
r
a
l 
su
it
a
b
il
it
y
 
R
u
g
g
e
d
n
e
ss
 
R
e
m
o
te
n
e
ss
 
P
r
o
te
c
te
d
 a
r
e
a
 s
iz
e
 
C
o
n
tr
o
l 
o
f 
c
o
r
r
u
p
ti
o
n
 
df BIC delta weight 
1 0.71 -0.17 -0.39 -0.16 -- -0.55 7 7544.1 0 0.3 
2 0.70 -0.17 -0.39 -0.12 -0.08 -0.59 8 7544.3 0.2 0.3 
3 1.35 -0.17 -0.39 -0.16 -- -- 6 7544.6 0.5 0.2 
4 1.38 -0.17 -0.4 -0.12 -0.08 -- 7 7546 1.9 0.1 
5 0.65 -0.15 -0.41 -- -0.13 -0.61 7 7548.7 4.7 0 
6 1.35 -0.15 -0.41 -- -0.12 -- 6 7551.6 7.5 0 
7 0.68 -- -0.41 -0.14 -- -0.54 6 7552.4 8.3 0 
8 1.30 -- -0.41 -0.14 -- -- 5 7552.8 8.7 0 
9 0.66 -- -0.41 -0.1 -0.08 -0.57 7 7553.6 9.5 0 
10 0.62 -- -0.42 -- -0.12 -0.6 6 7554.9 10.8 0 
11 1.33 -- -0.41 -0.11 -0.07 -- 6 7555.1 11 0 
12 1.31 -- -0.42 -- -0.11 -- 5 7557.3 13.2 0 
13 0.64 -0.13 -0.41 -- -- -0.56 6 7561.9 17.8 0 
14 1.29 -0.13 -0.41 -- -- -- 5 7562.9 18.8 0 
15 0.62 -- -0.42 -- -- -0.55 5 7564.6 20.5 0 
16 1.26 -- -0.42 -- -- -- 4 7565.5 21.4 0 
17 0.65 -0.25 -- -0.21 -- -0.58 6 7707.3 163.2 0 
18 1.33 -0.25 -- -0.22 -- -- 5 7708.1 164 0 
19 0.64 -0.25 -- -0.18 -0.06 -0.61 7 7710.7 166.6 0 
20 1.34 -0.25 -- -0.19 -0.06 -- 6 7712.5 168.4 0 
21 0.56 -0.23 -- -- -0.14 -0.65 6 7730.4 186.3 0 
22 0.59 -- -- -0.19 -- -0.57 5 7731.4 187.3 0 
23 1.25 -- -- -0.19 -- -- 4 7731.9 187.8 0 
24 1.30 -0.22 -- -- -0.13 -- 5 7734 189.9 0 
25 0.58 -- -- -0.16 -0.05 -0.59 6 7736.1 192 0 
26 1.26 -- -- -0.17 -0.05 -- 5 7737.2 193.2 0 
27 0.55 -0.2 -- -- -- -0.59 5 7743.5 199.4 0 
28 1.23 -0.2 -- -- -- -- 4 7744.9 200.8 0 
29 0.51 -- -- -- -0.12 -0.63 5 7749.7 205.6 0 
30 1.23 -- -- -- -0.11 -- 4 7752.2 208.1 0 
31 0.51 -- -- -- -- -0.58 4 7757.8 213.7 0 
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Appendix 5.4 Number of protected areas by country. 1,605 tropical protected areas, 35 countries. 
 
Country Protected areas 
Argentina 25 
Australia 6 
Bangladesh 8 
Belize 14 
Brazil 208 
Brunei  10 
Cambodia 25 
China 239 
Colombia 34 
Costa Rica 33 
Cote d'Ivoire 10 
Dominican Republic 30 
Ghana 6 
Guatemala 16 
Honduras 23 
India 107 
Indonesia 128 
Kenya 6 
Madagascar 34 
Malaysia 77 
Mexico 30 
Myanmar 12 
Nicaragua 33 
Panama 11 
Paraguay 14 
Peru 7 
Philippines 60 
Sri Lanka 97 
Suriname 8 
Tanzania 36 
Thailand 146 
Trinidad and Tobago 17 
Uganda 7 
Venezuela 63 
Vietnam 25 
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Appendix 5.5 Mean and standard error of percent forest loss inside protected areas by country. 
1,605 tropical protected areas, 35 countries. 
 
Country Mean SE 
Cambodia 13.8 4.0 
Guatemala 12.4 4.8 
Cote d'Ivoire 7.0 3.9 
Indonesia 5.7 1.1 
Bangladesh 5.6 1.4 
Malaysia 5.1 0.8 
Trinidad and Tobago 5.0 1.5 
Dominican Republic 5.0 1.1 
China 5.0 0.4 
Honduras 4.0 1.0 
Ghana 3.5 1.0 
Myanmar 3.4 1.2 
Vietnam 3.4 0.8 
Madagascar 3.3 0.6 
Nicaragua 3.2 0.7 
Venezuela, RB 2.7 0.6 
Argentina 2.7 1.5 
Philippines 2.5 0.4 
Belize 2.5 0.7 
Brazil 2.4 0.3 
Tanzania 2.1 0.3 
Sri Lanka 2.0 0.3 
Thailand 1.8 0.2 
Costa Rica 1.7 0.8 
India 1.5 0.3 
Uganda 1.4 0.5 
Paraguay 1.3 0.5 
Colombia 1.1 0.3 
Kenya 1.0 0.5 
Suriname 0.9 0.6 
Mexico 0.8 0.2 
Panama 0.8 0.2 
Brunei Darussalam 0.7 0.3 
Peru 0.6 0.2 
Australia 0.3 0.1 
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Appendix 5.6 Mean and standard error of per cent forest loss inside protected areas by region. 
1,605 tropical protected areas, 35 countries, 9 regions. 
 
Region Mean SE 
Western Africa 5.7 2.5 
Caribbean 5.0 0.9 
Eastern Asia 5.0 0.4 
South-Eastern Asia 4.2 0.4 
Central America 3.2 0.6 
Eastern Africa 2.5 0.3 
South America 2.2 0.2 
Southern Asia 1.9 0.2 
Australia and New Zealand 0.3 0.1 
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Appendix 6.1 The Australian Land Use and Management (ALUM) classification system. 
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Appendix 6.2 Mask layer inputs for retention and restoration and retention-only scenarios.  
The value attributed to each land use defines the order it is removed in Zonation analysis, where 
land uses with lower values are removed from the landscape first. 
 
Land use Retention and 
restoration 
Retention-
only 
Conservation and Natural 
Environments 
Nature conservation 100 100 
Managed resource protection 10 10 
Other minimal use 10 10 
Production from Relatively 
Natural Environments 
Grazing (native vegetation)  10 80 
Forestry (native)  10 80 
Production from Dryland 
Agriculture and 
Plantations 
Forestry (plantation)  10 60 
Grazing (modified pastures)  10 60 
Cropping (dryland) 10 60 
Horticulture (dryland) 10 60 
Land in transition 10 60 
Production from Irrigated 
Agriculture and 
Plantations 
Forestry (irrigated)  10 60 
Grazing (irrigated)  10 60 
Cropping (irrigated) 10 60 
Horticulture (irrigated) 10 60 
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Appendix 6.3 Species for which the Great Dividing Range (GDR) will become climatically 
unsuitable by the year 2085 under a business-as-usual emissions scenario (RCP8.5).  
* denotes species endemic to GDR region, which indicates a high likelihood of extinction for these 
species under climate change. Also shown is the conservation status of species under the IUCN Red 
List and Australia’s Environment Protection and Biodiversity Conservation (EPBC) Act 1999. 26 
species in total; 11 endemics.  
Taxa  Species Common name  Status 
(IUCN) 
Status 
(EPBC) 
Amphibian Cophixalus crepitans Northern nurseryfrog NT - 
 Cyclorana manya Little collared frog LC - 
 Geocrinia laevis Smooth froglet LC - 
 Litoria longirostris* Sharp-snouted frog LC - 
 Litoria spenceri* Spencer’s River tree frog CE EN 
 Mixophyes carbinensis* Carbine frog LC - 
 Neobatrachus pictus Painted spadefoot toad LC - 
 Philoria pughi* Pugh's frog EN - 
 Pseudophryne covacevichae* Magnificent broodfrog EN VU 
 Pseudophryne dendyi Southern toadlet LC - 
 Taudactylus liemi* Eungella tinker frog NT - 
 Uperoleia altissima* Montane toadlet LC - 
Bird Acanthiza lineata Striated thornbill LC - 
 Circus aeruginosus Western marsh-harrier LC - 
 Drymodes superciliaris* Northern scrub-robin LC - 
 Epthianura albifrons White-fronted chat LC - 
 Neophema chrysostoma Blue-winged parrot LC - 
Mammal Petrogale sharmani* Mount Claro rock wallaby VU VU 
 Pseudomys apodemoides Silky mouse LC - 
Reptile Amphibolurus norrisi Mallee heath lashtail LC - 
 Anomalopus gowi Speckled worm-skink LC - 
 Glaphyromorphus punctulatus* Fine-spotted mulch-skink - - 
 Lerista griffin Stout sandslider - - 
 Lerista orientalis North-eastern orange-tailed 
slider 
- - 
 Ophioscincus truncatus* Short-limbed snake-skink - - 
 Oxyuranus scutellatus Coastal taipan - - 
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Appendix 6.4 Biogeographic Regionalisation for Australia, version 5.1.   
More information available at http://www.environment.gov.au/land/nrs/science/ibra 
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